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Nomenclature
α tilt angle of the incident probe beam measured from the normal of the
thin film sample
β fractional exponent dependent in Jonscher equation
∗ complex relative permittivity
∞ infinite (or high-frequency) relative permittivity
semi electric permittivity of the semiconductor
s static or zero-frequency relative permittivity
λ wavelength of light
µ charge carrier mobility
ν frequency of photon
ω angular frequency
φ change of the angle of polarization of linearly polarized light in null-
ellipsometry measurement
φ loss angle in dielectric measurements
φB barrier height in Schottky barrier
φox oxidation potential
σ electrical conductivity
τ2 characteristic (exponential) relaxation time of optical spectrum
τRH time constant of the humidity response of impedance
τD dielectric relaxation time of the material (in the Debye model)
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Eex electric field vector of the linearly polarized light
Θ the ratio of free to total space charge in space-charge limitted current
A optical absorbance
CP equivalent parallel capacitance
E electric field
e elementary electric charge
Epa activation energy of the photochromic reaction
Eg size of the region between conduction and valence bands — a bandgap
EHOMO energy of the HOMO level — ionization energy
ELUMO energy of the LUMO level — electron affinity
F the frequency factor of the Arrhenius equation for photochromic reac-
tion
f frequency
h Planck’s constant
I electric current
iAC amplitude of harmonic modulation of the current
IDC time-independent component of the modulated current (DC)
j electric current density
k Boltzmann constant
L thickness of semiconductor
n charge carrier concentration
Nlocal density of localized states
q electric charge
R capacitance
R resistance
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RP equivalent parallel resistance
S total area of a Schottky barrier
T absolute temperature
t time
tb time of break in relaxation of the optical spectra
U voltage
uAC amplitude of harmonic modulation of the voltage
Ubi built-in voltage in Schottky barrier
UDC time-independent component of the modulated voltage, or DC bias
voltage
UTFL trap-free limit in the space-charge limitted current
W depletion width in Schottky barrier
AC alternating current
AFM atomic force microscopy
AS CR Academy of Sciences of the Czech Republic
BAS Bulgarian Academy of Sciences
CR Czech Republic
DC direct current
DOS density of states
EDOT 3,4-(ethylenedioxy)thiophene
ESCA Electron Spectroscopy for Chemical Analysis
FET field-effect transistor
HOMO Highest Occupied Molecular Orbital
IMC Institute of Macromolecular Chemistry
ITO Indium-doped Tin Oxide (SnO2), transparent electrode
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LC2 polybutadiene grafted with azobenzene-based thiol
LED light-emitting diode
LUMO Lowest Unoccupied Molecular Orbital
P3HT poly(3-hexylthiophene-2,5-diyl)
PANI polyaniline
PEDOT poly(3,4,-ethylenedioxythiophene)
PPV poly(phenylenevinylene)
PPy polypyrrole
PS/PAAEM poly(styrene-co-acetoacetoxyethyl methacrylate)
PS/PEGMA polystyrene modified with poly(ethylene glycol) methacrylate
PT polythiophene
PVCL/PAAEM poly(N-vinylcaprolactam-co-acetoacetoxyethyl methacrylate)
RGB red, green, blue
SCLC space-charge limited current
SDS sodium dodecylsulphonate, surfactant
SPM scanning probe microscopy
STM scanning tunelling microscopy
UPS Ultraviolet Photoelectron Spectroscopy
UV ultra-violet
VU´OS, a.s. Research Institute of Organic Synthesis, Ltd.
Chapter 1
Introduction
The title of this thesis represents extremely broad field of research and tech-
nology. There are millions of known and characterized organic molecules,
from which even a small portion is a subject to study for electronic prop-
erties is still an enormous number of materials. Moreover, there are count-
less electronic effects of organic molecules and materials available for study-
ing, including electrical conductivity, photo- and electro-luminescence, light
absorption, second harmonic generation, photochromism, trapping of the
charge carriers, and many more.
There are two main approaches to the organic electronic devices as I per-
ceive it: The molecular electronics approach aims to develop, construct and
fully characterize a molecular device, i.e. a device, which operation is ex-
ecuted by the action of single (organic) molecule. Here, the motivation is
in miniaturization of the integrated circuits, as well as invention of devices
with unusual properties for not yet known applications. The large scale ap-
proach focuses on the semiconducting properties of the organic matter for
construction of “large area” devices (photovoltaic energy panels, displays,
etc.). Researchers aim to find a replacement for inorganic devices to either
improve the properties of existing devices, or to potentially reduce the manu-
facturing costs. Both approaches exploit the enormous variability of organic
molecules available through clever synthetic methods. Of course, sometimes
the distinction of these two approaches is not feasible, because at present,
even the large area devices profit from the more-or-less detailed arrangement
of the molecules.
Because of the numerous technological obstacles, making the measure-
ment single molecule was beyond the possibilities of the research facilities
in our laboratory. Thus, I concentrated my research activities on selected
aspects of the large area devices. Based on the study of current literature
sources, my supervisor allowed me to identify some of the actual research
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problems and to start my research in those areas. These were the follow-
ing topics: Electric conductivity in novel polymer composites, which have
great application potential in conductive coating technologies. Charge car-
rier injection and related effects in low-molecular organic materials which
are important for the functioning of almost all electronic elements. Pho-
toalignment in liquid-crystalline polymer, which is also close to application
in memory devices.
In this thesis, I have compiled the results of my work during my PhD.
studies. As it is required by common practice of a scientific work, it begins
with the overview of known facts about the field (Ch. 2). Based on the
findings during the literature research, we have formulated the research aims
(Ch. 3). The materials of interest for this study are introduced in Ch. 4.
Experimental methods and apparates that I used in my work are described
in Ch. 5. Then, the results of my experimental work are presented in Ch. 6
and are summarized in Ch. 7.
Chapter 2
Theoretical background
During the last decade an interest in conducting polymers strongly increased
on both scientific and application level. It can be demonstrated both with the
number of research papers and patents concentrated on various properties of
conducting polymers and with many commercial products in which the con-
ducting polymers contribute actively to the function of the device. The best
known are the polymeric OLED displays, but there are less known examples
— widely used are polymeric sensors for gas analysis. Particularly, polyani-
line (PANI), polypyrrole (PPy), poly(phenylenevinylene) (PPV), polythio-
phene (PT) and poly(3,4-(ethylenedioxy)thiophene) (PEDOT) were the most
frequent candidates because of their stability in air, high electrical conduc-
tivity and easy synthesis and polymerization (Cao et al., 1989; Lacroix et al.,
1989).
In this chapter we will discuss the theoretical background describing the
various aspects of the charge-carrier transport in detail which is relevant to
the experimental part of the work. It begins with the classification of the
conductivity in polymers, then the discussion of the conductivity conjugated
polymers is further explained together with description of various methods
for its characterization. It turned out that the main feature governing the
transport is the disorder found intrinsically in the polymers. The discussion
for the case of polymers here is also valid for the low molecular model mate-
rials, as long as they are disordered. An up to date list of applications of the
conjugated polymers in the filed of electronic devices, condensed in separate
section, shows the breadth of the potential for development. And finally, we
discuss the theoretical background of the phenomenon of the photochromism
that is related to the behaviour of the material that we studied.
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2.1 Charge transport in polymers
Polymers are no longer generally considered to be electrically insulating ma-
terials. There are various possibilities which would make them conductive for
electric charge. The basic categories of electrical conductivity in polymers
are the following:
• Conduction through dispersed conductive filler (metal particles, carbon
black, etc.) in composites
• Ionic conduction in polymer electrolytes
• Intrinsic conduction in conjugated polymers
In case of composites the polymer serves as an electrically insulating ma-
trix for dispersion of conductive particles. The value of their conductivity
is delimited by conductivities of its components and varies monotonously as
a non-linear function of the concentration of the filler. The range of filler
concentrations with the highest change in conductivity of the composite is
called percolation threshold and appears at the point when with increasing
concentration the microscopic particles in contact form a macroscopic path-
way. This threshold value strongly depends on the microscopic nature (e.g.
shape) of the filler particles and their mutual organization in the disper-
sion. Currently the research on composites aims towards control of their
supramolecular structure to achieve various non-linear properties. Many in-
teresting articles published in this field were reviewed by (Fo¨rster & Konrad,
2003).
Polymer electrolytes are chemically polymeric salts. The ionic chemical
bond present in the repeating unit dissociates in polar environment. This
creates an pair of electric charges, one of which immobilized (because bound
to polymer chain) whereas the other becomes free to move in the surrounding
environment. The later can contribute to the electrical current when electric
field is applied. The polymer electrolytes nowadays find their industrial ap-
plication as electrochemical cells (rechargable batteries). Applied research in
this field is focused on development of new types of sensors, membranes, arti-
ficial muscles, drug delivery systems, etc. The field is reviewed from the point
of nanotechnology applications in ref. (Ferna´ndez-Barbero et al., 2008).
In this work, mainly the intrinsic type of conductivity was exploited,
therefore the current state of knowledge about this field of research will be
given. The overview which follows makes no aspiration for completeness, but
an effort was taken to make it comprehensible and concentrated to the topics
of this work.
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The conductive polymers can utilize their electrons, that are forming the
chemical bonds, to serve as carriers of the electric charge. Their conductivity
arises from the intimate structure of their electronic states, which allows
transport of the electrons by quantum-chemical effect of delocalization that
is caused by conjugation of the alternating chemical bond degrees along the
polymer chain. This makes it possible for individual valence electrons to
be shared in between many neighbouring chain segments and consecutively
to move along the whole polymer chain. Due to this interaction, the single
electron levels form themselves into bands, similarly to the bands in the
inorganic silicon semiconductors (cf. Fig. 2.2).
The most chemically simple of the existing intrinsically conducting poly-
mers is polyacetylene (see in Fig. 2.1). The inventors (Hideki Shirakawa, Alan
Jay Heeger a Alan Graham MacDiarmid) of this material and its conductive
properties received a Nobel Prize in Chemistry in year 2000 (Shirakawa, 2001;
Heeger, 2001; MacDiarmid, 2001).
2.1.1 Basic terms
In this section, we will explain some basic terms used to describe the electric
charge conduction in semiconductors. Electric current density j is propor-
tional with the electric field, as it is established by Ohm’s law:
j = σE, (2.1)
where the proportional parameter σ is called conductivity. In semiconductor
physics, we define conductivity σ as a product of the elementary electric
charge e, charge carrier concentration n and charge carrier mobility µ:
σ = enµ. (2.2)
The dependence of the conductivity σ on the absolute temperature T can
be, in some cases, described by Arrhenius equation:
σ = σ0 exp
(
−E
σ
A
kT
)
, (2.3)
where the σ0 is the so-called pre-exponential factor, E
σ
A is the activation
energy of conductivity and k is the Boltzmann constant.
Permittivity is a quantity used to describe dielectric properties that in-
fluence refection of electromagnetic waves at interfaces and the attenuation
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Figure 2.1: Chemical schemes of common intrinsically conductive polymers
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Figure 2.2: Band formation in conducting polymers with increasing conju-
gation length. Reproduced from (Ajayaghosh, 2003)
of wave energy within materials. The complex relative1 permittivity ∗ of a
material can be expressed in the following form (Komarov et al., 2005):
∗ = ′ + ′′ (2.4)
The real part ′ is referred to as the dielectric constant and represents stored
energy when the material is exposed to an electric feld, while the dielectric
loss factor ′′, which is the imaginary part, influences energy absorption and
attenuation, and  =
√−1. One more important parameter used is a tangent
of loss angle φ (or, alternatively, a loss tangent):
tanφ =
′′
′
(2.5)
Debye relaxation is the dielectric relaxation response of an ideal, nonin-
teracting population of dipoles to an alternating external electric field (Debye,
1934). It is usually expressed in the terms of complex permittivity ∗ of a
medium as a function of the field’s frequency f :
∗ = ∞ +
s − ∞
1 + f 2τ 2D
− (s − ∞)fτD
1 + f 2τ 2D
, (2.6)
where ∞ is the infinite (or high-frequency) relative permittivity, s is the
static or zero-frequency relative permittivity, and τD is the relaxation time
of the material.
1to permittivity of free space
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2.1.2 Origin of charge carriers in conjugated polymers
The electric conduction in this type of conducting polymers resembles the
properties of inorganic semiconductors (e.g. silicon). Polymers presented in
Fig. 2.1 are displayed in their non-conductive state (with the exception of
polyaniline). They are in their undoped state, in which they ”lack” the charge
carriers. The valence electrons in polymer contribute to the system of pe-
riodically alternating chemical bonds that represents quasi one-dimensional
crystal lattice with discrete spectrum of allowed electron energies. Without
an external energy input, each ”jump” of one electron from site A on the
chain to neighbouring site B must be compensated by simultaneous jump on
another electron in opposite direction. Otherwise there would be one elec-
tron more on higher energy level on a destination site and the total energy
of the system would increase. Most of the known polymers do not posses an
unpaired electrons in their valence orbitals (in undoped state, without exter-
nal field influence). Therefore, they display a feature which can be modelled
as ”band gap” known from inorganic semiconductors (typically in the order
of 1 eV). Band gap originates from the energetic difference between the top
of the band composed of the highest occupied molecular orbitals (HOMOs)2
and bottom of the another band consisting of lowest unoccupied molecular
orbitals (LUMOs)3 (see lower scheme in Fig. 2.3).
The existence of band gap in polyacetylene and its analogues originates
from the so called ”Peierls instability” (see Fig. 2.3 taken from ch. 1 in book
(Nalwa, 2001)). The diagram of energies of the electronic states in polymer
chain is similar to diagram used for inorganic semiconductors (e.g. in book
(Sze, 1981), ch. 1).
There is quite a variety of charge carriers distinguished in polymers, but
the main types are two: positively charged holes and negatively charged
electrons. This nomenclature is inherited from the inorganic semiconductors,
despite significant differences exist.
One way to obtain intrinsically conducting polymers in conductive state
is by chemical doping. It means an oxidation (or reduction) of the conju-
gated polymer chain with additive compound to create a charged radical
(radical ion) on the polymer chain. In the external electric field, the radi-
cal ion can move within the chain, bearing its charge along — creating an
electric current. The conductivity of certain organic polymers can be raised
to metallic levels by chemical or electrochemical ‘p-doping’ (oxidation), or
2valence orbitals of the chain segments, equivalent of ”valence band” in inorganic silicon
semiconductors
3antibonding orbitals of the chain segments, equivalent of ”conduction band” in inor-
ganic silicon semiconductors
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Figure 2.3: Peierls instability: Potential diagram (upper plot) and simplified
energy diagram (lower scheme) of polyacetylene. Reproduced from ch. 1 in
book (Nalwa, 2001)
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‘n-doping’ (reduction). Reduction potentials can be used to rationalize the
ability of certain dopants to increase the conductivity of selected organic
polymers by many orders of magnitude and that they may also be used to
predict new chemical species that are thermodynamically capable of acting
as p- or n-dopants (MacDiarmid et al., 1985). In this way, it is possible
to prepare commonly used polymer PEDOT having the conductivity value
changing over 10 orders of magnitude (Skotheim et al., 1998).
The charge carriers can be also supplied to the polymer from electrode,
by applied electric field. This process is called injection and occurs in high
electric fields near the interface between electrode and polymer and equals
electrochemical oxidation (or reduction) of the polymer by (metal) electrode.
The charge carriers in polymer can be produced by irradiation with light.
The absorbed photon creats an excited state on a polymer chain (exciton).
Exciton can then be separated into a pair of charge carriers in presence of
electric field — either external (voltage) or internal (e.g. molecular dipoles).
This process results in appearance of photoconductivity in polymers.
In the following section, the above mentioned injection properties will
discuss in more detail showing their impact to the semiconducting behaviour
and device operation. The methods for characterization of these properties
will be listed, in relevance to my experimental work.
Charge carrier injection
The injection is process in which the charge carriers are transported by ex-
ternal electric field from the electrode into the semiconducting polymer so
that their concentration in polymer is above the equilibrium value (that is,
the concentration without the applied external electric field, otherwise at the
same condition). This process is primary source of charge carriers employed
in operation of many semiconductor devices (like FET and LED), therefore
it is important to study the processes in detail.
The injection process can be separated to a sequence of sub-processes,
as it is described in (Ba¨ssler, 2000): The initial event is the transfer of a
charge carrier from the Fermi level to a localized state in a surface layer of
the dielectric located at a distance equal or in excess of the average intersite
distance. Once injected, the carrier has the option either to return to the
electrode or to overcome the image potential and be collected by the exter-
nal electric field. This involves a diffusive random walk among the localized
sites that the dielectric (semiconductor) is composed of and which represent,
for instance, the segments of a conjugated polymer chain with statistically
varying length and, hence, self energy. Being a stochastic process it is not
amenable to rigorous analytic treatment. By approaching this problem with
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the help of computer simulations of the stochastic process, several authors
(Arkhipov et al., 1998; Arkhipov et al., 1999; Wolf et al., 1999) were success-
ful in modelling experimental temperature and field dependences (as well as)
of the injection current.
There are other widely used approaches to the theoretical treatment of
injection into a dielectric at high electric fields: The Fowler Nordheim (FN)
model for tunneling injection and the Richardson Schottky (RS) model of
thermionic emission (the details can be found e.g. in textbook (Frank, 1984)).
The FN model ignores image charge effects and invokes tunneling of electrons
from the metal through a triangular barrier into unbound continuum states.
The essential assumption of the RS model is that an electron from the metal
can be injected once it has acquired a thermal energy sufficient to cross the
potential maximum that results from the superposition of the external and
the image charge potential. Neither tunneling nor inelastic scattering of the
hot carrier before traversing the potential maximum are considered. These
models are applied with partial success even to injection problems in polymer
semiconductors, however they lack the most important feature inherent to
these materials, which is the disorder.
2.1.3 Charge carrier transport in conjugated polymers
As was mentioned above, the charge carriers are mobile due to the elec-
tron delocalization allowed by chemical nature of the conducting polymers.
However, this similarity between conjugated polymers and inorganic semi-
conductors is limited by many differences between the two kinds. The most
important differences lie in dimensionality, long range ordering strength of
lattice interactions, having big impact on the mechanism in which the charge
carriers are transported through the material.
Above all, the main difference between classical (inorganic) and polymer
semiconductors is their dimensionality of the long range structure. Inorganic
silicon semiconductors are mostly single crystals, with covalently bound lat-
tice in all three spatial dimensions. On the contrary, the linear chain of the
polymer can be considered a covalent crystal in one dimension only.
The mechanism of charge transport is severely affected by long-range or-
der (supramolecular structure in case of organic semiconductors), since the
charges are transported over distances usually much larger than single re-
peating unit. This determines the mobility of charge carriers observed in
experiment (Sirringhaus et al., 1999; Yang et al., 2005). Conjugated poly-
mers show various types of supramolecular ordering, which is maintained by
Wan der Waals interactions between the nearby chain segments. These in-
teractions often exhibit themselves pi-stacking of the discotic repeating units,
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(a) (b)
Figure 2.4: (a) STM image (60 × 60 nm2) showing the long range ordering
in P3HT thin film on HOPG, (b) STM image (20 × 20 nm2) showing the
long range ordering in P3HT thin film on HOPG. (Reproduced from ref.
(Mena-Osteritz et al., 2000))
as it is the case in poly(3-alkylthiophene)s and poly(4-alkylthiazole-2,5-diyl)s
studied by (Yamamoto et al., 1998). Synthetic polymer in solid state shows
generally a semicrystalline structure that consists of crystalline domains (e.g.
polymer chains folded in lamellar order) separated by amorphous domains
(cf. Fig. 2.4).
Charge carrier mobility (Eq. 2.2) is an important parameter characteriz-
ing the transport electric charges through the material. One can assign each
of the above mentioned domains its own mobility to construct a model of the
microscopic detail. The observed charge carrier mobility in the macroscopic
sample will then be dictated by the slowest transport process.
The movement of charge along the chain influences the spatial configu-
ration of the electron desities of the atoms, since the “lattice” of polymer is
subject to local deformation. This effect is called polarization and induces a
hindrance of the charge carrier movement. Such a charge carrier dragging a
“shell” of induced molecular dipoles along is called a polaron and it was ob-
served, among others, in polyacetylene and poly(p-phenylene) (Bre´das et al.,
1982). Polaron can be considered as self-trapped mobile charge specific bind-
ing energy; a feature characteristic for all conductive polymers (Heeger et al.,
1988). The value of this energy is still under investigation (Hartenstein et al.,
1995; Arkhipov et al., 2002; Fishchuk et al., 2004), since its estimation is bur-
denned with disorder effects, which can be overshadowing the contribution of
polaronic effects (Binh et al., 1993; Ba¨ssler et al., 1994). For comparison, the
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Figure 2.5: Electronic energy level diagrams: (a) positive polaron; (b) neg-
ative polaron; (c) positive bipolaron; (d) negative bipolaron. CB = con-
duction band; VB = valence band; black dot = electron. Reproduced from
(Furukawa, 1995)
binding energy calculated for pentacene molecular crystal was 97 meV (see
ch. 2 in (Skotheim et al., 2006)). Therefore the polaronic states are formed
in the forbidden gap of a polymer semiconductor (as it is depicted in Fig.
2.5). According to theoretical calculations of interaction between vibrations
of the polymer chain and charge carrier (radical ion) (Fesser et al., 1983),
the states appear in a couple, symmetrically positioned in the gap. The
existence of polaronic states was experimentally observed by measurement
of photon absorption by optical transitions between these states (Furukawa,
1995; Wohlgenannt, 2004; Li et al., 2006).
2.1.4 The origin of localized states
The localized states in the polymer semiconducting material can be of diverse
origin. Concerning the spatial distribution of the localized charge, we distin-
guish a charged interface states and space-charge. The most commonly, they
originate from the morphological disorder in polymer solid. They can also
be introduced by foreign chemical impurities intentionally or accidentally
present. Additionally, the charge carriers in polymer tend to self-localize.
These effects will be briefly discussed here, because they are the most im-
portant for charge transport. When a localized site attracts a charge carrier,
the site becomes charged and carrier becomes immobilized.
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As it was mentioned earlier in the chapter the energies of electronic states
in the conjugated polymers form energy bands similar to that of inorganic
(silicon) semiconductors. However, because of the smaller interaction en-
ergies between the individual electronic orbitals (of the “lattice” sites) the
bandwidth is smaller, and also the disorder is larger (Pope et al., 1999). The
large disorder projects itself in smeared borders between the bandgap and
the transport band. The energetic distribution of density of states (DOS) in
the transport band can be modeled by normal (gaussian) distribution func-
tion (Nesˇp˚urek & Silinsh, 1976). In certain conditions, it is also modelled by
exponential function (cf. Fig. 2.6) that allows the theoretical calculations to
be expressed analytically. Those states at the side of distribution extended
towards the bandgap, in which the free charge (e.g. electron) is not able to
reach another transport site without changing its energy (because the sites
with the same energy are too distant and do not overlap their wave functions)
are called the tail states. Thus these states become a part of the system of
localized states.
The energy region of tail states is where transport of charge carriers takes
place, instead of the high density region of the band. It is because the charge
carriers in polymers take form of a self-trapped polaron, as it was mentioned
above. This means that they relax in energies from the transport band
towards the band gap, falling in the region of the tail states.
According to ref. (Ba¨ssler, 2000), the transport process in the disordered
system can be considerred as a series of discrete “jumps” of the charge carriers
through a system of scatterred localized sites. Thus, the carriers can no longer
be modelled as Bloch waves (coherent transport, like in inorganic single-
crystal semiconductors). Because of the disorder, the mean free path of the
carriers in polymer is on the same order as the size of the repeating unit. The
transport of charge carriers in the tail states is modelled by two processes:
One of them is tunelling through the barrier separating the two transport
sites, which is dependent exponentially on the spatial distance between the
sites (Simmons, 1963; Chatten et al., 2005), the other is hopping by aid
of thermal vibrations of the transport medium (a lattice) (Li et al., 2007).
There is another model, which is a combination of both (Polanco & Roberts,
1972; Hanscomb & Calderwood, 1973). The tunneling behaviour can usually
be observed in very low temperatures, because when the temperature rises,
the thermally assisted hopping gains importance and overshadows tunnelling
effects, which are temperature independent.
Foreign chemical impurities are having their specific ionization potential
and electron affinity, which can introduce localized states into the band gap
of host polymer, similarly to the inorganic semiconductors. Impurities be-
come important only if the concentration is comparable or larger than the
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Figure 2.6: The energy distribution of tail states in the forbidden gap of
polyfluorene determined by broadband dielectric spectroscopy and the space-
charge-limited currents approach, discussed in section 2.1.5. (Reproduced
from (Okachi et al., 2009))
concentration of tail states. Among the common chemical impurities we can
often find oxygen and water molecules, present in the material due to its
processing conditions (handling in air). Hydroxy (-OH) groups and oxygen
molecule usually performs as trapping site selectively for electrons, that is
why the n-type semiconducting organic material is found so scarcely (Gu
et al., 2005; Chua et al., 2005).
The Meyer-Neldel rule or, alternatively a Compensation law, is common
experimental effect caused by the dispersive charge carrier transport in the
disordered system. It relates the two parameters of the Arrhenius equation
(cf. Eq. 2.3)describing the temperature dependence of conductivity: pre-
exponential factor σ0 with the activation energy E
σ
A (Meyer & Neldel, 1937):
σ0 = σ00
EσA
EMN
, (2.7)
where σ00 is the Meyer-Neldel (M-N) pre-exponential factor and EMN is
called the M-N characteristic energy.
The M-N rule is a relation, which can be used for the description of ther-
mally activated processes, e.g. charge carrier transport in microcrystalline
and amorphous semiconductors (Ram et al., 2008; Abtew et al., 2008; Meijer
et al., 2000). When the EMN in Eq. 2.7 has a negative value, the phenomenon
is called inverse (or anti-)M-N rule. Up to now, there is no universal expla-
nation of the origin of the (anti-)M-N rule behaviour in materials. Several
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explanations were proposed: For example in ref. (Lucovsky & Overhof, 1993)
it is shown, that this effect occurs in heavily-doped microcrystalline silicon
as a result of statistical shift of Fermi level into the tail states of the charge
carrier transport band. The other researchers (Widenhorn et al., 2002) have
observed the occurrence of both regular and anti-M-N rule behaviour for
dark currents in the CCD elements. The M-N behaviour is predicted for
trap-controlled dispersive transport of charges in transistor characteristics
(Stallinga & Gomes, 2005; Stallinga & Gomes, 2006) and space-charge lim-
ited current (Schauer et al., 1996b).
Jonscher equation is a empirical relation describing the AC conductance
G dependence on frequency f (Jonscher, 1983):
G(f) = G0
(
1 +
(
f
f0
)β)
(2.8)
where G0 is magnitude of frequency independent part of the conductance, f0
is constant and 0 > β > 1 is fractional exponent dependent on the transport
mechanism. We observe β = 1, if the current is controlled by hopping of the
charge-carriers through the localized states.
2.1.5 Schottky barrier and space-charge-limitted cur-
rents
When a metal is brought in contact with a semiconductor, the resulting
structure is either a Schottky barrier or an ohmic contact. It depends on the
mutual difference of the Fermi level positions in the two matters before the
contact was established.
A Schottky barrier is formed when there is a substantial difference in
Fermi levels. It will cause electrons to flow to the semiconductor after they
are brought into the contact (as shown in Fig. 2.7a,b). A region of uncom-
pensated charged acceptors results. This space charge causes a voltage drop
at the interface (Fig. 2.7b).
An ohmic contact is formed when a semiconductor is contacted with an
electrode that, by virtue of a low energy barrier at the interface, is able to
supply an unlimited number of one type of carrier. The flow of charge out
of the near-electrode region is limited by its mobility µ, therefore the charge
accumulates in that region. The current is then limited by its own space
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charge which, in the extreme case, reduces the electric field at the injecting
contact to zero. Similar situation can occur also in the Schottky barrier in teh
condition of high injection. Then, the situation at the interface is reversed
— the charged acceptors become overcompensated (cf. Fig. 2.7c)
In the most simple description of a Schottky barrier using the classical
approach, there are three parameters (cf. Fig. 2.7b):
Barrier height, φB This is the barrier as seen by the majority carriers,
coming from the metal. It is the difference between the Fermi level in
the metal and edge of the transport band in the semiconductor before
the contact.
Built-in voltage, Ubi This is the barrier (height is given by qVbi) that must
be overcome by the carriers coming from the semiconductor into the
metal. It is given by the difference between the Fermi levels before
contact.
Depletion width, W This is the extent of the zone in which the ionized
acceptors (resp. donors) are uncompensated by free holes (resp. free
electrons). It depends on the bias voltage U :
W (U) =
√
2semi(Ubi − U)
qNlocal
, (2.9)
where semi is the permittivity of the semiconductor, q is the electric charge
and Nlocal is the density of free carriers given by either the donor or acceptor
densities.
DC Characterization of a Schottky barrier
The classical approach to Schottky barrier is often useful for characterization
of the intimate contact of organic semiconductor with metallic electrode. The
predicted effects are, to some extent, observed in these systems. The DC
current density j dependence on applied DC bias voltage U , as predicted
either by thermionic emission or diffusion models, is of the form of Shockley
diode equation (Stallinga, 2009):
j = j0
(
exp
(
qU
nkT
)
− 1
)
. (2.10)
In this relation, n ≥ 1 is the ideality factor — an empirical quantity parame-
terizing the deviation from the ideal diode (n = 1); j0 is called the saturation
current density. The curve j(U) given by the above equation is asymetric in
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(a)
(b) (c)
Figure 2.7: Formation of the space-charge region at the metal-semiconductor
interface: The electrode and weakly conducting polymer (a) before contact;
(b) after contact, at a thermal equilibrium, when the space-charge is formed
by the uncompensated charged localized states; (c) at the condition of charge
injection (of holes) into the polymer, when the space-charge is formed by
injected free carriers overcompensating the charged localized states. (Repro-
duced from (Stallinga, 2009))
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voltage U , thus it predicts a rectifying contact. When the polarity of applied
DC voltage U is rotated, the current magnitude changes: The polarity with
the higher currents is called the forward bias, the other is reverse bias. The
ratio of the two current values is called rectification ratio. The j(U) depen-
dence in the reverse bias is determined by the behaviour of j0(U). Ideally, it
is independent on the voltage. However, in the diffusion theory, it is voltage
dependent:
j0(U) ∼
√
2qNlocal(Ubi − U)
semi
. (2.11)
In the case of organic semiconductors with low charge carrier mobility, an
increased applied field often leads to condition, when the injected free carri-
ers are accumulating in the region of the barrier. This is called space-charge
limited current (SCLC), the band diagram can no longer be considerred inde-
pendent on the injected carriers. In general, the current-voltage dependence
in the SCLC condition is given by the following relation (Ba¨ssler, 2000):
jSCL =
9
8
semiµΘ
U2
L3
, (2.12)
where L is the semiconductor thickness and Θ is the ratio of free to total space
charge. For Θ = 1, i.e. in the absence of trapping, the relation (Eq. 2.12)
is called Child’s law (Mott & Gurney, 1964). The strong dependence of the
current on the semiconductor thickness (1/L3) is usualy used to distinguish
the SCLC from the L-independent injection-limited currents. In the case of
an energetically discrete trapping level, the functional dependence jSCL(U,L)
remains unaltered but the current becomes activated; the activation energy
Eσa being equal to the trap depth
4.
In cases of practical interest traps are usually distributed in energy, which
makes the activation energy Eσa dependent on the applied bias voltage U . In
this case, the traps will be filled from the bottom to the top of the distribution
as the applied electric field increases. This is equivalent to an upward-shift
in the quasi-Fermi with electric field. As a consequence, Θ increases with
electric field and the j(U) characteristic becomes steeper to finally merge
into Child’s law if the total number of traps available is less than the number
of charges the sample can accommodate. The bias voltage, at which this
transition occurs is the trap-free limit (UTFL) and it depends an the trap
density Nlocal:
UTFL =
qNlocalL
2
2semi
. (2.13)
4that is the minimum energy required to free a charge from the trap
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From the measured jSCL(U) and Ea(U) dependences, it is possible to
extract information about the energy distribution of the trap density by a
method called Temperature-Modulated Space-Charge Limited Current Spec-
troscopy which is developed in series of publications in refs. (Nesˇp˚urek &
Sworakowski, 1989; Nesˇp˚urek & Sworakowski, 1990; Schauer et al., 1996b;
Schauer et al., 1996a; Schauer et al., 1997; Nesˇp˚urek et al., 2008). The
method exploits the spectroscopic character of the SCLC (the Θ(U) depen-
dence) together with measurement of activation energy. In their theory, the
authors derived a parameter Gd that describes the influence of the traps onto
the jSCL(U) and Ea(U) dependences (Schauer et al., 1996b):
Gd =
1
kT
(
1− m− 1
n
)
, (2.14)
where k is the Boltzmann constant, T is the absolute temperature and m =
d(ln jSCL)/d(lnU), resp. n = −d(Eσa /kT )/d(lnU) are the derivatives of the
experimental dependences. In principle, under the SCLC conditions, three
different situations may occur:
Gd ≤ 0 ⇐⇒ (m− 1)/n ≥ 0 The change of the position (by injection) of the
quasi-Fermi level is determined solely by the states that are situated in
the ±kT interval around it (pinning of the quasi-Fermi level).
Gd ≈ −∞ ⇐⇒ (m− 1)/n ≈ −∞ This indicates that the quasi-Fermi level
position is dominated by the energetically distant states.
Gd ≥ 0 ≈ 1/kT ⇐⇒ (m− 1)/n 1 This situation occurs when the quasi-
Fermi level position is dominated by the weighted average of two sets
of states (weighted average the the two sets, quasi-Fermi level being
between them. Consequently, there is a jump in the activation energy,
from the first to the second set of states.)
The experimental data fulfilling the conditions of the first of the three
listed cases can be then used to reconstruct the energy distribution of trap
density (h(E)) under the assumptions required by the analysis (mainly spa-
tially uniform h(E) and single-carrier conduction mechanism).
AC Characterization of a Schottky barrier
Useful information describing the Schottky barrier can be extracted from the
measurement of the device capacitance. In the ideal model, the capacitance
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C of a Schottky barrier depends on the applied DC bias voltage UDC with
the following relation (e.g. in ref. (Stallinga, 2009)):
C(UDC) = S
√
qsemiNlocal
2(Ubi − UDC) , (2.15)
where S is the total area of the Schottky barrier, q is the electric charge
of the free carriers, semi is the electric permittivity of the semiconductor,
Nlocal is the density of the localized states in the semiconductor and Ubi is
the built-in voltage of the barrier. Eq. 2.15 allows one to extract Nlocal, resp.
Ubi, parameters of the Schottky barrier from the plot of 1/C
2 vs. UDC (from
the slope, resp. intersect with bias axis).
To obtain the C(UDC) of the Schottky barrier, one has to measure the
device response to the small harmonic AC probing signal superimposed onto
the static DC bias voltage UDC :
U = UDC + uACe
2pift, (2.16)
where uAC  UDC is the small-signal modulation amplitude, f is the mod-
ulation frequency and t is time. The measured current will be (within the
linear approximation):
I = IDC + iACe
2pift+φ, (2.17)
where IDC is the DC current (observed also in steady state j(U) characteris-
tic), iAC is the magnitude of measured current modulation and φ is the phase
shift between AC probing signal and response. The device resistance R and
capacitance C can be extracted from the uAC , iAC and φ experimental values
using the usual equivalent circuit approach (see e.g. (Stallinga, 2009)).
From the device point of view, the Schottky diode is normally composed of
two regions: The depletion and bulk region (cf. Fig. 2.7b). Each region has
its own capacitance and resistance, which can be modelled empirically as a
network of two parallel RC circuits connected in series (cf. Fig. 2.8). Here,
the parameters Rb and Cb are describing the resistance and capacitance of a
bulk region, whereas Rd and Cd are that of depletion region, which we are
looking for when using the Eq. 2.15. Only the depletion region responds to
the variation of the DC bias UDC , so the bulk parameters can be considered
constant and easily subtracted from the experimental data.
The traps can contribute to the capacitance of the depletion region. Using
equivalent circuits, signal of the traps can be modelled as additional series
RC circuit connected in parallel to the depletion circuit, with parameters Ris
and Cis (cf. Fig. 2.9). The capacitance Cis here has real physical meaning
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Figure 2.8: Equivalent circuit of a schottky diode: Rb and Cb are the re-
sistance and capacitance of a bulk region; Rd and Cd are that of depletion
region
of the amount of charges stored in the localized states; the parameter Ris is
present only to characterize the typical response time (dielectric relaxation
time, Eq. 2.6) τ = RisCis of the localized states, which is determined by
their depth ET (see e.g. (Stallinga, 2009)):
τ = τ0T
−2 exp
(
ET
kT
)
, (2.18)
where the pre-exponential factor τ0 has a meaning mean delay between two
consecutive of attempts to escape the trap. The filling and emptying of
the trap states is connected with the transitions of the charges through the
barrier, which is energetically demanding. Therefore the traps in the deple-
tion region are reflected as dielectric loss and there should be peak at the
frequency f = 1/τ found in the spectrum of the loss tangent tanφ vs. f .
Moreover, should the traps be localized on the interfacial plane of the de-
pletion region (in this case we speak about interface states), the response time
τ of the traps will be dependent on the applied DC bias voltage (Stallinga
et al., 2002). Consider a device made of a metal and semiconductor separated
by thin insulating layer (cf. Fig. 2.10). The structure is very similar to that
of Schottky diode, including the depletion width and its behaviour with ap-
plication of bias. The insulating layer represents the interface with dielectric
properties different from the rest of the semiconductor and it contains a band
of interface states. At the forward bias the Fermi level is under the interface
states and these are empty (contain no electrons). At strong reverse bias,
the interface states are completely below the Fermi level and are completely
full. At the two above mentioned conditions, the small modulation of the
band bending due to the AC signal has no influence on the occupancy of the
states, therefore these have little effect on measured capacitance and resis-
tance. For some biases, the Fermi level is resonant with the interface states
(as in Fig. 2.10b). Here, a small AC signal is changing the occupancy in the
states and will contribute to the measured AC signal. It means that with
the bias we can select the energy of the interface states that will be active
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Figure 2.9: Equivalent circuit of localized states in a depletion region schottky
diode: R and C are resistance and capacitance contribution of depletion
region (subscript “d”) and localized states (subscript “is”).
Figure 2.10: Example of a bunch of interface states and their change of
occupancy upon changes of bias. The three pictures show band diagram of
a device made of a metal (left), a thin insulating layer and a semiconductor
(right) for differrent biases. The dashed line indicates the Fermi level and the
interface states are schematically represented by a bell-shaped curve next to
the insulator. (Reproduced from (Stallinga et al., 2002))
in the AC response. These states have a certain relaxation time τ given by
their depth (cf. Eq. 2.18). Then, if we increase the bias, the τ of the active
states will be changed. Such a movement is then immediately a proof that
we are measuring interface states and not bulk states. Note that the τ of
bulk states is independent of where (in space) the Fermi level crosses these
levels and hence independent of the bias.
2.2 Conductive polymers in broad range of
applications
Conductive polymers are materials of great application potential. This was
already demonstrated in number of cases in various fields of technologies.
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In the following I will give short summary of scientific and technological
achievements in replacing inorganic electronic elements with polymer struc-
tures (such as in photovoltaic, light-emitting diode (LED), laser and field-
effect transistor (FET)). Conducting polymers are now widely used also in
antistatic coatings (produced e.g. by H.C. Starck — CLEVIOS), photoresist
for UV photolithography (Angelopoulos, 2001) and anticorrosive protection
(DeBerry, 1985; Wessling, 1996).
The research and development of those are motivated by possibility to
produce large area devices by well-established production technologies (e.g.
all types of printing). Moreover, the polymers posses mechanical flexibility
that allows to design electronic devices with bendable active areas. And in
the end an example will be given in which group of polymers with selected
conducting properties were combined to fabricate all-polymer ink-jet printed
integrated circuit.
2.2.1 Conducting polymers in electronic elements
An analogy between semiconducting properties of the polymers and their
inorganic counterparts gave the researches an impulse to study behaviour of
the devices constructed partially or as a whole from polymers (Chiang et al.,
1977; Shirakawa et al., 1977). That effort already brought some polymer
electronic devices to the market, e.g. polymer LED displays (Braun, 2002)
and polymer photovoltaic device (Hauch et al., 2008).
The principle of light emission from a polymer LED display (depicted in
Fig. 2.11) is the following: The light is originating in a cell consisting of poly-
mer semiconductor stacked between two planar electrode plates from which
at least one is transparent. Free electrons are injected into the polymer from
cathode, free holes are injected simultaneously from anode (by definition).
The electron with the hole form an exciton (so-called Frenkel exciton) which
then can recombine radiatively to produce photon of emitted light. The
wavelength of the photon is determined by energy of the exciton - mainly
the distance between HOMO and LUMO levels of an emitting polymer.
There are many side-processes which decrease the external quantum ef-
ficiency of the light emission:5 First of all, the electrons and holes must be
efficiently injected into the polymer, ideally in 1:1 proportion. In polymer
semiconductors the mobility of holes usually differs substantially from the
that of electrons. Therefore, the transfered opposite charges move with dif-
ferent velocities and through the material and assemble an exciton near one
5External quantum efficiency is a number expressing the probability, that given injected
electron (or hole) produces a photon of emitted light.
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Figure 2.11: a) The PLED architecture is shown together with a simpli-
fied representation of the processes of the charge carrier transport and the
exciton quenching at the catode. b) Schematic energy level diagram for
ITO/polymer/Ba LED.
of the electrodes (usually near cathode). And finally, the assembled exciton
can also recombine non-radiatively, e.g. due to the quenching at the cathode,
or due to the quantum-chemical spin preservation rule.
These obstacles are overcome by careful selection of anode and cathode
materials to align their respective workfunctions to the HOMO and LUMO
levels of the polymer (Koch et al., 2003b; Koch et al., 2003a). The transport
problem is usually treated by introducing more layers to the active area of
the device, using more types of semiconducting polymers for each purpose
rather than one polymer for all tasks (electron, hole transport, recombination
- emission). With clever device architecture (Mu¨ller et al., 2003) and combi-
nation of the materials (Zeng et al., 2007), an organic matrix RGB display
can be assembled by printing. Nowadays the material research in the field
of synthesis of polymer LED devices is aiming to obtain efficient blue light
emitting polymers (Losurdo et al., 2009; Farinola et al., 2008). These are
necessary for construction of above mentioned full colour displays or white
area lighting devices, white light panels (D’Andrade & Forrest, 2004; Liu
et al., 2006).
Polymer photovoltaics face many similar obstacles as polymer LEDs, al-
though the purpose of the devices is opposite — efficient light energy col-
lection and transformation to electric energy. The operation principle of the
typical polymer photovoltaic device is the following (Fig. 2.12): The pho-
togenerated exciton migrates (usually by random walk) towards an interface
between electron acceptor and donor where it can be separated into free elec-
tron and hole pair. The separated free charges then travel towards respective
electrodes.
Efficient polymer photovoltaic device design must take in account con-
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(a) (b)
(c) (d)
Figure 2.12: Principle of photovolatic device operation, energy scheme and
most widely used materials: a) Exciton photogeneration followed by ex-
citon migration and charge separation at the polymer/fullerene interface.
b) Charge transport in polymer-based photovoltaic device is schematically
shown on the energy level diagram. c) chemical structure of commonly
used soluble PPV derivative for photovoltaics. d) chemical structure of
fullerene molecule, commonly used electron acceptor for PPV. Reproduced
from (Markov, 2006).
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Figure 2.13: A photograph of a finished foil showing a flexible 3 in polyimide
containing a large number of dies. Each die contains a variety of components:
an electronic test circuits and one large integrated circuit of 27 mm2 which
is clearly visible as the high density rectangle. The photograph reproduced
from (Drury et al., 1998).
straints of these processes imposed by polymer architecture. The main prob-
lems are: matching the absorption spectrum to the solar spectrum; low dif-
fusion length of the exciton — it must reach the donor/acceptor interface
before it is recombined (up to about 5 nm distance); loss of transported free
charge carriers by recombination - the separated charges must be conducted
in separate pathways; and the charges must be effectively collected by the
respective electrodes — their workfunctions must be aligned to the respective
transport bands.
The research in this area is focused on controlling the morphology of the
donor/acceptor interface. It must be always very close to the formed exciton,
and yet provide percolated pathway for both generated free charges. Some
promising results were obtained by designing the molecules to be able to
self assemble themselves. There are many reviews of this field available, e.g.
(Spanggaard & Krebs, 2004).
2.3 Photochromism
Photochromism, which is defined as a light-induced reversible reaction of a
molecule, is one of the most striking phenomena of photochemistry. This
reaction gives rise to the formation of photoisomers whose electronic ab-
sorption spectra are markedly different from that of the reactant molecule,
which results into the dramatic color change. As for organic photochromic
molecules, the reactant is generally colorless, meaning that its electronic ab-
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sorption starts only from the UV region (< 350 nm), while the products in-
duced by the UV irradiation show the intense absorption in the visible region
(400 ∼ 700 nm). This behavior indicates that the isolated pi-electron systems
in the reactant become extensively conjugated in the products (Haddon &
Stillinger, 1982). Changes in other molecular properties, such as dipole mo-
ment, can also occur along with the color change during the photochromic
reaction. The photochromic process can be schematically presented as a
reversible reaction which, in it simplest form, can be written as :
X
hν1
←→
∆, hν2
Y (2.19)
In general, an energy of absorbed photon hν1 (usually from the ultraviolet
and visible regions), causes molecule X to convert into molecular species Y.
Reversibility is the main criterion for photochromism. The back reaction is
mostly a thermally activated process (as it is symbolized by ∆ in Eq. 2.19);
however, some photochromic molecules yield thermally stable photoproducts.
In these, the back reaction is again photochemical, triggered by absorption of
photon energy hν2. These phenomena have received great attention in recent
years because photochromic compounds have a wide variety of commercial
applications: ophthalmic glasses, optical switches, optical memories, and
nonlinear optical devices.
The stability of the photoinduced form Y plays an important role in the
switching. The mechanism of the bleaching strongly depends on the profile
of the potential energy (Fig. 2.14a). In the cases (a-i) and (a-ii) the reverse
reaction is spontaneous; the molecule turns thermally to X form. The kinetics
of the back reaction Y −→ X is then given by unimolecular kinetic euqation
combined with the Arrhenius equation in the form:
−d[Y]
dt
= F exp
(
−E
p
a
kT
)
[Y], (2.20)
where F is the so-called frequency factor, Epa is the activation energy. The
values of left hand side of the above equation can be measured by spectropho-
tometry as a change in absorbance A using the well known Lambert-Beer law.
The case (a-iii), where it is possible to convert photochromic molecule X
to Y and back by light only, represents a good example for switching. The
ideal potential diagram is given in Fig. 2.14b. The system is switched from
X to Y by the excitation to the first singlet state and switched back by the
excitation to the second singlet.
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Figure 2.14: (a) Diagrams of the potential energy of photochromic reactions.
(i) A reaction with photochemically shifted equilibrium; (ii) a spontaneously
reversible reactions; (iii) a photochemical reaction reversible only under irra-
diation. (b) Potential energy diagram of a photochromic molecule with two
potential minima. S0 represents the ground state, S1 and S2 represent the
first and second excited states, respectively; ν1 and ν2 are the excitation fre-
quencies from Eq. 2.19 (Reproduced from ref. (Haddon & Stillinger, 1982))
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Chapter 3
Aims of this work
From many problems connected with operation of the organic electronic de-
vices, I have chosen, with the help of my supervisor, to study the following:
• electrical conduction in novel conducting polymer composites
• aspects of charge transport in soluble phthalocyanine derivatives
• photoorientation in liquid-crystalline, photochromic polymer
In the first part (section 6.1), electrical conductivity in polymeric ma-
terials for electrode system is studied. These were prepared with special
supramolecular structure, that allowed for easy thin film deposition. The
second part (section 6.2), the charge transport in semiconducting conjugated
molecular semiconductor (phthalocyanine) is studied in detail that allows to
understand and separate the effects of interfaces form the effects that origi-
nate from the bulk. In the last part (section 6.3) a photochromic reactions of
polar chromophores are studied. The main attention is focused to the photoi-
somerization reactions and polarized light induced alignment of chromophore
in polymeric matrix (polybutediene grafted with azobenzene).
In each of the listed research areas, we have tried to find a possibility for
application of the effects that we investigated.
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Chapter 4
Materials
This chapter is divided into four sections, each describing the chemical struc-
ture and origin of separate group of materials used in this study. These are
mostly novel materials that are first introduced in our joint publications.
Conjugated polymer composites based on PEDOT and PPy represent the
materials for conductive coatings. In the context of the electronic devices,
these materials aspire for the function of electrodes and conductive path-
ways. Their supramolecular structure is tailored for easy thin film deposi-
tion by usual printing methods, with the aim to preserve good environmental
stability and electronic properties of the conventional PEDOT and PPy ma-
terials. The novelty is in the idea to prepare the dispersions without use of
stabilizers.
The model low molecular materials were phthalocyanines. These are often
presented as synthetic analogues to chlorophyl, the pigment found in plants.
Their semiconducting properties are used in electro-photography (active ma-
terial in the photosensitive drum). In the semiconducting electronic devices,
they are sometimes used as an interfacial layer between the metal electrode
and the electroluminescent material in OLEDs. We were interested to find
out how the chemical modification of our phtalocyanines, performed to obtain
the soluble materials, influences their semiconducting properties.
The photochromic polymer was prepared and studied as a candidate ma-
terial for the optical data storage. It belongs to the widely studied polymers
grafted by azobenzene, it is novel by its synthetic approach to grafting. The
widely studied soluble polythiophene derivative was used to help to describe
semiconducting properties of the phthalocyanines.
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4.1 Sub-micrometer particle composites with
conductive polymer
The electrically conductive polymers (as presented in Fig. 2.1) are not well
soluble and require quite complicated post-synthetic procedures to be pre-
pared in the form suitable for applications. Good results were obtained with
film preparation by electrochemical polymerization, but many limitations
occur also here.
Recently, extensive efforts have been directed towards improving the pro-
cessibility of electrically conductive polymers. The main approaches can be
divided into three groups:
1. preparation of composites with polymer matrices;
2. preparation of soluble derivatives;
3. preparation of dispersions of insoluble conducting particles.
Synthesis of polymer dispersions (Bousalem et al., 2004; Mangeney et al.,
2006) requires the selection of appropriate stabilizers (conventional surfac-
tants (DeArmitt & Armes, 1993; Luk et al., 1995; Fujii et al., 2006; Cairns
et al., 2003) or water-soluble polymers (Odegard et al., 1991; Armes & Ald-
issi, 1990; Beadle et al., 1993; Beaan & Armes, 1993; Digar et al., 1994;
Mandal & Mandal, 1995; Mandal & Mandal, 1999; Simmons et al., 1995;
Qi & Pickup, 1997)) to limit particle coagulation and to control the mor-
phology and size of the polymer particles (Slimane et al., 2004). Recently,
a successful production of PPy latex particles has been reported by chemi-
cal oxidative polymerization of pyrrole in either water or other media in the
presence of various stabilizers, like poly(vinylpyrrolidone) (PVP), poly(vinyl
alcohol-co-vinylacetate) (PVA) (Armes & Vincent, 1987; Cawdery et al.,
1988), poly(vinyl methyl ether) (PVME) and poly(styrenesulfonate) (PSS)
(Carter, 1982). The size of the formed spherical PPy particles was in the
range of 30 ∼ 200 nm. Production of conductive nanometer-sized objects is
still under intensive research and interest from the view point of applications
in molecular electronics and photonics (Pich et al., 2002). Synthesis and
morphological characterization of the materials described in following sub-
sections and used in this work was carried out by Jessica Hain, Ph.D. or Yan
Lu, Ph.D. at the Technical University in Dresden. The synthetic procedures
are described in detail in joint articles (Hain et al., 2008; Rais et al., 2009;
Lu et al., 2008). The chemical structures of the conductive components of
the composites, namely PEDOT and PPy, are depicted in Fig. 4.1.
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(a) (b)
Figure 4.1: Chemical structures of the conductive components of the polymer
composites: (a) — poly[3,4-(ethylenedioxy)thiophene] (PEDOT) and (b) —
polypyrrole (PPy)
4.1.1 Core-shell particle composites PS/PEDOT
The core-shell particles consist of spherical poly(styrene-co-acetoacetoxyethyl
methacrylate) (PS/PAAEM) core covered by electrically conductive poly[3,4-
(ethylenedioxy)thiophene] (PEDOT). The chemical structure of the copoly-
mer forming the compact cores of the particles as well as the scheme par-
ticle morphology are depicted in Fig. 4.2. Core-shell composites were syn-
thesized by in-situ oxidative polymerization of 3,4-(ethylenedioxy)thiophene
monomer (EDOT) in latex dispersion of PS/PAAEM. The latex dispersion
was composed of spherical polymer particles of uniform diameters in 30 mol.
% ethanol. The diameter was either 520 or 110 nm (estimated by dynamic
light scattering method (DLS)) (cf. SEM and TEM micrographs of se-
lected particles in Fig. 4.3). The latex dispersion of the smaller particles
was stabilized by an addition of a surfactant – sodium dodecylsulphonate
(SDS). Oxidant for EDOT polymerization was added in equimolar ratio to
the monomer. Variation of PEDOT content in the resulting composite was
achieved by changing the weight ratio of EDOT to PS/PAAEM or by the
usage of different oxidant. The reaction medium during EDOT polymeriza-
tion was heated to 60℃, except in the cases when HAuCl4 was used as the
oxidation agent (here, the temperature was 25℃). The parameters of the
synthesized core-shell materials under study are summarized in Table 4.1 to-
gether with estimated PEDOT contents as obtained from elemental analysis
(the measurement of the sulphur element content) of the washed products.
These materials were prepared by Jessica Hain, Ph.D. and their synthesis is
described in her Ph.D. thesis (Hain, 2008) and our joint article (Rais et al.,
2009).
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Table 4.1: Synthetic and morphological parameters of studied core-shell com-
posite materials of the PS/PEDOT type.
Material Oxidation Core sizeb ratioc PEDOT load
agenta D (nm) (g : g) (wt.%)
CS1 FeCl3 110 1:1 0.6
CS2 FeCl3 520 5:1 2
CS3 FeCl3 520 10:1 4.7
CS4 FeCl3 520 1:2 7.3
CS5 FeCl3 520 10:1 35.6
CS6 HAuCl4 520 1:1 26.9
CS7 HAuCl4 110 1:1 18.5
CS8 Na3Mo12PO40 520 1:1 23
CS9 (NH4)2S2O8 520 1:1
d25.7
a EDOT polymerization temperature when using HAuCl4 was 20℃
b diameter of the spherical particles; in case of smaller diameter parti-
cles (110 nm), a stabiliser (SDS) of the dispersion of the core Latex
polymer was used
c mass of EDOT related to pure mass of the Latex polymer
(PS/PAAEM) in the reaction mixture
d In this case, the PEDOT concentration is overestimated, because
we used the measurements of sulphur element content (by elemen-
tal analysis method) for the calculation of PEDOT content. The
method does not distinguish the sulphur in PEDOT from the one
in oxidant which remained in the material after washing.
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Figure 4.2: Chemical structure of copolymer PS-AAEM forming the core
of the particles of the PS/PEDOT type (a). Scheme of morphology of the
single core-shell particle (b). The blue colour marks the electrically insulating
copolymer and red colour marks the conductive polymer PEDOT forming the
shell of each of the particles.
4.1.2 Core-shell particle composites PS/PPy
The core-shell particles consist of spherical cores of polystyrene modified
with poly(ethylene glycol) methacrylate (PS/PEGMA); its synthesis is de-
scribed in (Pich et al., 2003). The cores are covered by electrically conductive
polypyrrole shell. The chemical structure of polymers forming the compact
cores of the particles is depicted in Fig. 4.4. The particle morphology is
similar to that depicted in Fig. 4.4. Table 4.2 summarizes the ingredient
amounts used for the preparation of composite particles as well as the final
PPy loading in core-shell particles. The oxidant type determines the kinetics
of the pyrrole polymerization, influences the morphology of PPy shell and
controls the nature of dopant anion. The pyrrole polymerization was very
effective, reaction was terminated after 40 min. The amount of polypyrrole
(PPy) in composite particles presented in Table 4.2 was determined by ele-
mental analysis. The SEM micrographs of selected particles show that the
spherical particles are of uniform diameter and their PPy cover renders their
surface rough (cf. Fig. 4.5). The materials CS-P-1, CS-P-2 and CS-P-3 were
synthesized by Yan Lu, PhD. and are described in joint publication (Lu et al.,
2008) (samples 14–16 listed in the article). Material CS-P-4 was prepared
by Jessica Hain, Ph.D. and their synthesis is described in her Ph.D. thesis
(Hain, 2008).
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(c) (d)
Figure 4.3: On presented SEM micrographs, the spherical particles coverred
by PEDOT (CS1) (b) appear to have more rough and darker surface darker
in comparison with bare PS/PAAEM - SDS latex particles (a). The PEDOT
grains are also observable on larger CS6 particles: In TEM micrograph (c)
as dark objects on the surface of the single particle and also in SEM of many
CS6 particles (d) both on their surface and in the form of secondary particles
that are not attached to the PS/AAEM cores.
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Figure 4.4: Chemical structure of polymers forming the core of the particles
of the PS/PPy type listed in Tab. 4.2: (a) polysyrene (PS), (b) poly(ethylene
glycol)methacrylate (PEGMA).
(a) = CS-P-1 (b) = CS-P-2
(c) = CS-P-3 (d) = CS-P-4
Figure 4.5: SEM photographs show the materials listed in Table 4.2. The
SEM micrographs show that the spherical particles in each composite are of
uniform diameter and their PPy cover renders their surface rough.
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Table 4.2: Synthetic and morphological parameters of studied core-shell com-
posite materials of the PS/PPy type.
Material Oxidation Core diameter pyrrole:polymera PPy load
agent D (nm) (g : g) (wt.%)
CS-P-1 Na2S2O8 162 1:67 12.9
CS-P-2 FeCl3 162 1:67 8.8
CS-P-3 Na3Mo12PO40 162 1:67 2.10
bCS-P-4 (NH4)2S2O8 520 1:1 45
a mass of pyrrole related to pure mass of the Latex polymer, which
was PS/PEGMA in most cases, except where noted otherwise
b in this case the latex polymer was another type: (PS/AAEM); it
had larger core diameter than the other materials
4.1.3 Microgel particle composites PVCL/PEDOT
Microgels are composed of PEDOT grains embedded into crosslinked electri-
cally insulating polymer poly(N-vinylcaprolactam-co-acetoacetoxyethyl meth
acrylate) (PVCL/PAAEM). The the copolymer is forming particles of uni-
form size with a soft microgel structure (cf. the chemical and morphological
scheme in Fig. 4.6a,b). The size uniformity of the individual particles can be
observed in SEM photograph (cf. Fig. 4.6c). The PEDOT inclusions were
prepared by in-situ oxidation of EDOT in the presence of the PVCL/PAAEM
microgel particles (of the diameter 260 nm estimated by DLS at 20℃) dis-
persed in 30 mol % ethanol. Oxidation agent (FeCl3) was added in equimolar
ratio to EDOT monomer. To deposit various amounts of PEDOT into the
polymer microgel, the PVCL/PAAEM amount added to the reaction mixture
was varied. Table 4.3 gives the summary of the parameters of the synthe-
sis for each microgel material under study together with estimated PEDOT
contents from elemental analysis of the washed products. The PEDOT in-
clusions can be identified in TEM micrographs of the particles as the dark,
needle-like patches distributed inside and around the microgel particle (cf.
Fig. 4.6d). These materials were prepared by Jessica Hain, Ph.D. and their
synthesis is described in her Ph.D. thesis and joint article (Rais et al., 2009).
4.2 Photochromic polymers
The polymers consist of flexible backbone with photochromic chromophore
chemically attached to it in side groups. In the case of studied material (des-
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(a) (b)
(c) (d)
Figure 4.6: (a) Chemical structure of copolymer forming the soft bodies of
the particles of the PVCL/PEDOT type. (b) Scheme of morphology of the
single microgel particle. The blue colour marks the electrically insulating
copolymer and red colour marks the conductive polymer PEDOT forming
the shell of each of the particles. Material MG3 is shown as representative
in the SEM (c) and TEM (d) micrographs. SEM image displays an array of
the particles on a substrate. TEM image shows single particle — one can
identify the needle-like PEDOT inclusions as dark patches distributed inside
and around the microgel particle.
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Table 4.3: Synthetic and morphological parameters of studied microgel com-
posite materials of the PVCL/PEDOT type.
Material Oxidation agent EDOT : Polymera PEDOT
(g : g) (wt.%)
MG1 FeCl3 1:10 0.5
MG2 FeCl3 1:5 0.6
MG3 FeCl3 1:1 4.6
MG4 FeCl3 5:1 5.3
bMG5 FeCl3 5:1 30.8
MG6 HAuCl4 1:1 12.5
a weight ratio of EDOT againts total weight of latex poly-
mer (PVCL/PAAEM)
b reaction was conducted in medium of 60 mol.% aqueous
ethanol
Figure 4.7: Chemical structure of the photochromic polybutadiene-based
liquid-crystalline polymer (designated LC2). The polymer has flexible main
chain structure to which the rigid azobenene group (the chromophore) is
attached via a short and flexible “spacer”. The flexibility of the spacer and
the main chain allows the chromophores to self-organize into liquid-crystalline
domains.
ignated LC2), the backbone was telechelic polybutadiene and chromophore
was based on azobenzene group (cf. Fig. 4.7).
The polymer was prepared by the radical addition of a mesogenic thiol to
double bonds of HO-terminated telechelic polybutadiene at 80℃ in the pres-
ence of 2,2-azobisisobutyronitrile as initiator. The thiol, 5-(4-[4-(octyloxy)
phenyl]azophenoxy)pentane-1-thiol, containg both the mesogenic azobenzene
group and pentane-1,5-diyl spacer group, was prepared by a five-step syn-
thesis. Molecular weights of the polymer were Mn = 12000 and Mw = 14000.
The molar ratio of the photochromic thiol to butadiene unit of polymer was
36 %. This material was prepared at the Institute of Macromolecular Chem-
istry, AS CR, v.v.i. by Ing. Zdenˇka Sedla´kova´; its synthesis is described in
our joint article (Rais et al., 2008).
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Figure 4.8: Scheme of photochromic reaction of azobenzene izomers E (elon-
gated trans-form) and Z (collapsed cis-form). Vectors µE, resp. µZ , show
the direction of the transition moment of the respective forms. Figure taken
from (Stumpe et al., 1996).
4.2.1 Photochromism of polymer LC2
The photochromic behaviour of the polymer LC2 originates from the pho-
toisomerization of the side-chain azobenzene-based chromophore (cf. Fig.
4.8).
It was established that the photoorientation process takes place in the
steady state of the photoisomerization via numerous angular-selective photo-
isomerization cycles leading to a preferred orientation of the azobenzene
groups perpendicularly to the electric field vector of the linearly polarized
excitation light Eex (e.g. in review article by (Natansohn & Rochon, 2002)).
4.3 Substituted metalo-phthalocyanines
The substituted phthalocyanines are planar molecules with a metal atom
coordinated in the center of the conjugated ring and substituents attached to
the phenyl rings (cf. Fig. 4.9). The materials comprise of mixture of single-
and double-substituted phthalocyanine molecules. The central metal atom
can be almost arbitrary (Nalwa, 1988), we used cobalt Co, copper Cu and iron
Fe. The placement of the substituents (R-) are not precisely defined, they
are attached to the phenyl rings of the phthalocyanine core. One phenyl ring
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has up to one substituent. The nature of substituent determines solubility of
the material: The unsubstituted phthalocyanines are not soluble in common
organic, solvents.
The aliphatic group of 3-diethylamino-1-propylsulfonamide, abbrev. sul-
fonamide (cf. Fig. 4.9b), when attached to the aromatic ring of phthalo-
cyanine, enables good solubility in benzene, toluene and chloroform. The
ionic group of SO3Na (abbrev. sulfo) (cf. Fig. 4.9c) substituent allows the
materials to be soluble in water. The phthalocyanine-based materials were
obtained from Czech company VU´OS, a.s., and used without further purifi-
cation. In further text, we will name the phthalocyanines used in this study
with the following abbreviations:
CoPc(S)1-2
Co phthalocyanine substituted by one or two SO3Na groups
FePc(SA)1-2
Fe phthalocyanine substituted by one or two sulfonamide groups
CuPc(SA)1-2
Cu phthalocyanine substituted by one or two sulfonamide groups
The absorption spectrum of FePc(SA)1-2 in diluted solution in chloroform
(CHCl3) has two main characteristic bands; the Soret band (or B-band) and
the Q-band (see solid line in Fig. 4.10a). Their maxima are located at 335
and 682 nm, respectively. The first band is related to the d − pi∗ electronic
transition, and the second one to the pi − pi∗ electronic transitions of carbon
atoms (Djuriˇsic´ et al., 2003). There is also dimeric band located at and
616 nm. The spectrum of the thin film is slightly shifted to the blue region
which indicates the formtation of H-aggregates in the solid phase (Eisfeld &
Briggs, 2006). Unusual feature was found both in the solution and in the
thin film of the FePc(SA)1-2. The spectra show additional peak at 456 nm
that is not characteristic for phthalocyanines. There were no special studies
performed to explain this effect.
The spectra of CuPc(SA)1-2 in solution and solid (cf. Fig. 4.10b), on the
other hand, show typical shape of optical absorbtion of the phthalocyanines.
In solution, the maxima of the B-band and the Q-band are located at 343
and 674 nm, respectively. Upon the formation of solid phase, the absorbtion
maximum of the Q-band shifts bathochromicaly, and broadens. This is a
effect of the intramolecular interaction in a composition of different organi-
zational structures. Also the absorbtion spectrum of CoPc(S)1-2 is of the
typical phthalocyanine shape. (see dashed line in Fig. 4.10c). In solid phase,
the maximum of the B-band is located at around 300 nm. The the Q-band
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(a) (b) (c)
Figure 4.9: Molecular structure of the substituted metallo-phthalocyanines
(a) used in this study. They differ in central metal atom and their substi-
tutents on the main conjugated ring; (b) structure of aliphatic substituent
3-diethylamino-1-propylsulfonamide (abbrev. sulfonamide); (c) ionic group
of sodium sulfonate (abbrev. sulfo). By nature of the synthetic procedure,
it is not certain at which positions of the phenyl ring the substituent are
attached.
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Figure 4.10: The absorption spectra of substituted phthalocyanines measured
in solution (solid curves, solvent specified inside the plot) and in thin film
(dashed curves).
is located at 674 nm, nearly overshadowed by the more pronounced dimeric
band at 614 nm.
4.4 Conjugated polymers
For the purpose of rectifying diodes construction, we have chosen widely stud-
ied and commercially available pi-conjugated polymer poly(3-hexylthiophene-
2,5-diyl) (P3HT) (see Fig. 4.11 for chemical structure). It was bought from
Sigma-Aldrich (Cat. No. 669067) and used without further purification. The
choice was motivated by a relatively easy handling and large number of ma-
terial parameters describing its semiconducting behaviour that are discussed
in literature:
• Processability from solution — sping coating layer deposition was pos-
sible.
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Figure 4.11: Molecular structure of pi-conjugated polymer regioregular
poly(3-hexylthiophene-2,5-diyl) — P3HT.
• High hole mobility — in literature up to 2.6×10−3 cm2/Vs for regioreg-
ular izomer (Zen et al., 2004)
• Known energetic band structure — HOMO level EHOMO = 5.1 eV,
bandgap Eg = 1.9 eV (Kroon et al., 2008).
Unfortunately, this polymer suffers from relatively poor environmental sta-
bility (Manceau et al., 2009). The material was processed in ambient atmo-
sphere and samples were measured right after preparation, in order to avoid
extensive oxidation.
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Chapter 5
Experimental methods
5.1 Thin film deposition
The methods of preparation of thin film devices for electric measurements
will be described in this section.
spin-coating is a method in which a planar substrate to be coated is fixed
on the of rotatable support so that the rotation axis is parallel to the
substrate plane normal. The thin film (in range 10 nm up to several
microns) is formed during the spinning of the substrate.
drop-casting means that the dispersion or solution of organic material is
dropped from a syringe onto the substrate and the thin film is formed
during slow evaporation of the solvent.
thermal evaporation in vacuum was used to deposit metal electrodes:
The metal to be deposited is heated to melt and evaporate. Thanks to
the reduced pressure in the deposition chamber, the vapours of metal
reach the substrate without collisions with gas molecules. The metal
condensing on the cold surface of the substrate forms a conductive film.
The first two methods were used for deposition of the organic materials
from solutions or dispersions. In spin-coating the most important parameters
for the resulting thin film are solvent, viscosity of the solution, temperature,
rotating speed and duration. In this work, all thin films deposited by this
method were prepared using home made spin-coater with controlled rota-
tion speed and duration. The device operated at room temperature, in the
laminar box to reduce dust particles.
The drop-casting method was suitable for dispersions of organic materials
in water, in the cases, when the spin-coating did not yielded proper thin film.
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Figure 5.1: A scheme showing the drop-casting thin film deposition procedure
(not to scale).
Figure 5.2: A scheme showing the finished sample with three thin film devices
of the sandwich type prepared on a single glass substrate (not to scale).
The method does not allow the precise control of the resulting film thickness,
as it is the case of spin-coating, however, in our case we used it for deposition
of thin films of the polymer composites, in which the particles formed uni-
form, continuous film on the substrate without any special treatment. That
was allowed by their special and well defined spherical morphology (cf. Fig.
5.1).
With the combination of subsequent spin-coating steps of the organic lay-
ers and thermal evaporation of metal electrodes on top and bottom, the thin
film device of the sandwich type can be prepared (cf. Fig. 5.2). The width of
the common gold electrode strip was 3 mm, the width each aluminium strip
at the top of the semiconductor was 1 mm, therefore the total device area for
calculations of the charge and current densities was S = 3 mm2.
5.2 Electrical and optical experiments
The electric characterization of the samples was performed with home-made
universal electrical measurement apparatus (EMA). EMA consists of sample
chamber equipped with temperature and environment control. The pump-
ing system can reduce pressure inside the chamber to approx. 10−3 Pa. The
5.2. ELECTRICAL AND OPTICAL EXPERIMENTS 63
Figure 5.3: Scheme of four-point-probe measurement system with equidistant
linear array of the contacts.
atmosphere inside the chamber can be also exchanged for inert gas (eg. N2).
The temperature can be dynamically controlled by action of a Peltier plate
fitted to the sample holder and thermocouple sensing element. Electrical
connection to the tested sample electrodes was maintained by highly insu-
lating vacuum feedthroughs. Highly sensitive electrometer Keithley 6517A
was used to measure DC electrical current and to apply voltage. AC char-
acteristics were measured either with Lock-In amplifier (Standford Research
Systems SR830) or LCR bridge HIOKI 5259 LCRmeter.
The two optical windows in the sample chamber allowed sample irradi-
ation during the measurements using steady state or pulsed light sources.
Oriel quartz tungsten lamp (250 W) fitted with water column heat filter and
Cornerstone motorized grating monochromator was used as a monochromatic
light source for photocurrent measurements. When pulsed light source was
necessary, a optical chopper was employed. High-pressure Xe-Hg discharge
lamp fitted in Hamamatsu LC6 point light source was used for UV light ir-
radiation of the samples, usually together with an interference filter for 365
nm Hg emission line and a KG2 infrared radiation shield (filter).
The apparatus was controled by a computer program written by the au-
thor in object-oriented programming language Python. The above listed
devices were programmed over various communication buses (mainly IEEE-
488, USB and RS-232).
Test sample structures for conductivity measurements
four-point-probe measurement
The measurement of conductivities (in the cases, when absolute value was of
interest) was performed with the Jandel four-point probe linear array head
with contact spacing 1.0 mm. The scheme of the setup is given in Fig. 5.3.
The thin films of tested material, with thickness about 1 µm, were supported
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by glass slide of dimmensions 15×15 mm2. The analysis of the conductivities
was done according to refs. (Smits, 1958; Topsøe, 1968) from the geometric
dimensions of the testing sample, using the approximation of thin rectangular
slice, i.e. (L s).
Interdigital coplanar electrode system
The interdigital coplanar electrode system is a system with comb-like gold
electrodes supported on a white glazed ceramic substrate. Thanks to the
method of fabrication, it had very high resistance when properly washed —
leakage current of the order of 10 pA at 50 V bias. Prior to the deposition of
the material of interrest, the substrates were washed by ultrasonic bath sub-
sequently in water with detergent, distiled water, ethanol, acetone (at 50℃).
The solvents used were of high purity (for chemical analysis, or higher grade).
Finally, the electrodes were washed be condensing vapours of isopropanol.
It was possible also to estimate the conductivity of the material deposited
on the interdigital coplanar electrodes system electrode structure (shown in
Fig. 5.4). It was useful for estimation of conductivities of rather poorly
conducting materials, because of the short distance between the opposite
electrodes (gap). Therefore higher currents could be achieved compared to
conventional four-point probe technique (described above). The dimensions
of the electrodes are the following: Area of the interdigitating electrode fin-
gers was 4×4 mm2, gap between the fingers of opposite electrodes was 50µm
and total width of the (folded) gap 20 cm. In the case of interdigital coplanar
electrode system, the electrical resistivity ρ and conductivity σ were calcu-
lated from the following expression:
ρ = RL
l
g
, (5.1)
where l/g is the electrode system geometrical factor (l is the total length
of the electrode pathway and g is the gap (distance) between the fingers of
opposite electrodes), L is the film thickness.
UV/Vis spectroscopy
UV-vis polarized spectra were measured with a Lambda 19 spectropho-
tometer (Perkin Elmer) equipped with Glan-Thompson polarizer driven by
computer-controlled stepping motor, or with Perkin Elmer Lambda 950 spec-
trophotometer, in the case when the polarization of the light was not studied.
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(a) (b)
Figure 5.4: (a) photograph and (b) scheme of the interdigital coplanar elec-
trode system, showing the two gold electrodes (dark comb-like structures
with large contacting spots on the white ceramic substrate.) The dimensions
of the electrodes are the following: Active area of the electrodes (interdigital
fingers) was 4 × 4 mm2, gap between the fingers of opposite electrodes was
50µm and total width of the (folded) gap 20 cm.
Refractive index measurement
Avaspec refractometer was used for measurement of surface refracing index
of thin films prepared on Si substrates. The Avaspec refractometer 2048
was equipped with CCD detector Sony ILX 501 with linear array of 2048
pixels; the element size is 12.5 × 200 µm. Low sensitivity threshold was
2.9 × 10−17 J/pulse, which corresponds to 86 photons/pulse. The spectral range
spans from 250 to 750 nm. Measurement and data acquisition was computer
controled.
5.3 Structural investigations
X-ray scattering
Small-angle X-ray scattering measurements were carried out with a Non-
ius rotating anode (U = 40 kV, I = 100 mA, λ = 0.154 nm) using image
plates. With the image plates placed at the distance 40 cm from the sample,
a scattering vector range of q = 0.07 − 1.0 nm−1 was available. 2D diffrac-
tion patterns were transformed into 1D radial averages. Wide-angle X-ray
scattering (WAXS) measurements were performed using a Nonius PDS120
powder diffractometer in transmission geometry. A FR 590 generator was
used as the source of Cu-Kα radiation. The primary beam was monochro-
matized with a curved Ge crystal. Scattered radiation was measured with a
Nonius CPS120 position-sensitive detector of resolution 0.018° in 2Θ.
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Figure 5.5: Scheme showing the null-ellipsometry experimental setup.
Dynamical scanning calorimetry — DSC
The specific heat and temperatures of phase transitions of polymers were
measured by the differential scanning calorimetry equipment Netzch DSC
200. The samples were examined at scanning rate 10 K min−1 by applying
several heating and cooling cycles.
Null-ellipsometry measurement
Information about optical anisotropy in the oriented samples was obtained
by transmission null-ellipsometry. The optical schema of the experimental
setup is shown in Fig. 5.5. This experimental technique is described in work
(Yaroshchuk et al., 2003). It can be used to measure the shape of refractive
index ellipsoid in birefringent medium. More precisely, one can estimate in-
plane (nx−ny)d and out-of-plane (nx−nz)d retardation in the film. The nx,
ny and nz represent the main axes of the refractive index ellipsoid; d is the
thickness of the measured thin film.
Chapter 6
Results and discussion
This chapter is divided into three sections. Each of them is discussing dif-
ferent topic, mapping the authors activities in the frame of his PhD. studies.
The division was determined by the topics of the research, that are overlap-
ing only in few points. Each of them is concluded with a summary on the
results of the research.
In the first section, we will investigate the conductivity in the conducting
polymer composites. It has a form of a comparative study of a series of ma-
terials prepared on purpose with varying parameters of their supramolecular
morphology with some potential application outputs in the form of a environ-
mental humidity sensors with electrical detetion. Most of these results were
published in original articles coauthored by the author of this thesis. He was
also awarded with the Poster prize at the 8th International Conference on
Advanced Polymers via Macromolecular Engineering (APME 2009), held in
Dresden, Germany on October 4-7th in 2009.
In the second section section the focus is shifted from the polymers to
the semiconducting behaviour of novel low molecular conjugated materials.
The main interrest is concentrated on current rectification properties and as-
pects of the charge carrier transport in them. The influence of the interfacial
barriers and localized states located in this area is evaluated by conventional
semiconductor characterization methods. The articles describing of the re-
sults in this section is now under preparation.
The last section contains the study of the anisotropy induced by light
irradiation in novel photochromic liquid-crysltalline polymer. The full char-
acterization of the process that allows to manipulate the director of the liquid-
crystalline domains showed that the polymer was a good candidate for the
optical data storage. The results showed in this section were published in
original articles coauthored by the author of this thesis.
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6.1 Electrical conductivity in the films of the
polymeric composite particles
Generally, the technology of coating latex particles in the dispersions by
the conjugated polymers is very flexible and allows introduction of many
common intrinsically conducting polymers. It allows the materials to be rel-
atively easily deposited in form of thin films, which is the necessity for many
applications. However the semiconducting properties of the resulting mate-
rial often differs from that of the original polymer. This systematic study
concentrates on the variations of their electrical properties by controlling the
polymerization process in colloidal systems.
We present a comparative study of electrical properties of films fabricated
from a series of polymeric core shell particles and microgels. The core shell
particles consist of spherical polystyrene core covered either by electrically
conductive poly[3,4-(ethylenedioxy)thiophene] (PEDOT) or by polypyrrole
(PPy). Microgels are composed of PEDOT grains embedded into crosslinked,
electrically insulating polymer bodies.
The electrical resistivity of the films of the polymeric composite particles
changes from 12 GΩcm to 100Ωcm; the value depends on the thickness of
shell cover and the type of oxidant used for conductive component (PEDOT,
PPy) polymerization. Electrical conductivity in the films of core-shell par-
ticles is thermally activated and obeys the inverse Meyer-Neldel rule (Eq.
2.7), which indicates that the electrical conductivity is governed by a com-
mon transport mechanism. Electrical conductivity depends, among others,
on the humidity in surrounding environment: In films consisting of particles
with high PEDOT proportion (and thus high conductivity) the resistivity in-
creases with the humidity increase. On the contrary, when the films formed
from particles containing low conductive component proportion, the humid-
ity has a reverse effect. The frequency dependencies of AC conductivities
of the high conductivity “core-shell” and “microgel” films suggest hopping
charge carrier transport mechanism for large humidity scale.
6.1.1 Sample preparation
Thin films of both core-shell particles and microgels for electrical measure-
ments were prepared by drop-casting from 1 wt% aqueous ethanol colloidal
dispersion onto substrate. The substrates differed, depending on the type
of the experiment, most frequently the glazed ceramic substrates with in-
terdigital gold electrode systems of the coplanar type (Fig. 5.4) were used.
Resulting film thicknesses after drying were about 1µm.
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Figure 6.1: Room-temperature, ambient air current-voltage characteristics
of the the thin films of composite polymers measured with ICE setup. All of
the tested materials show ohmic type of dependences.
6.1.2 Room temperature conductivity comparison
Two measurement methods were used for evaluation of material conductivity:
The four-point probe (cf. Fig. 5.3) and two-electrode system (interdigital
coplanar electrodes, Fig. 5.4). The former type is the experiment of the
choice for precise conductivity measurements. However in the case of low
conductivity materials, the method fails to work because of its low sensitiv-
ity. Therefore the later type of experiment was used for the group of low
conductive materials in this study. The values of electrical resistivities of
the materials under study are presented in Table 6.1. These values were
determined from the current-voltage characteristics measured under normal
air atmosphere at room temperature. The characteristics follow the Ohm’s
law (Eq. 2.1) (cf. Fig. 6.1). As can be seen from the Table 6.1 and from
the plots in Fig. 6.2, the amount of PEDOT in the composites strongly
influences electrical resistivities.
Figure 6.2 illustrates the influence of various oxidants used for the PE-
DOT polymerization. The use of oxidant Na3Mo12PO40 yielded material
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Table 6.1: The summary of the conductivities of the thin films of composite
polymers.
Material Resistance Thicknessa Resistivity Methodb
R, (Ω) L, (µm) ρ, (Ωcm)
CS1 8.0× 1010 5 1.0× 1011 ICE
CS2 7.0× 108 1.1 3.1× 108 ICE
CS3 2.6× 107 7 7.3× 107 ICE
CS4 2.1× 107 8 6.7× 107 ICE
CS5 8.9× 104 1.5 5.3× 104 ICE
CS6 5.3× 101 4.8 1.0× 102 ICE & 4PP
CS7 5.6× 105 4.3 3.5× 102 4PP
CS8 3.2× 105 3 1.2× 105 ICE
CS9 1.0× 1010 5 1.2× 1010 ICE
CS-P-1 1.8× 106 15 6.5× 103 4PP
CS-P-2 1.5× 106 15 3.4× 103 4PP
CS-P-3 2.0× 1014 5 > 1× 1012 ICE
CS-P-4 4.7× 103 8 1.5× 104 ICE & 4PP
MG1 6.3× 1010 1.20 3.5× 1010 ICE
MG2 6.8× 109 1.40 4.4× 109 ICE
MG3 6.5× 108 0.55 1.7× 108 ICE
MG4 1.2× 109 0.17 9.5× 107 ICE
MG5 1.3× 103 1.00 6.1× 102 ICE & 4PP
MG6 2.7× 108 0.40 3.0× 104 ICE
a average value of the thin film thickness
b method used for resistivity measurement: “ICE” = in-
terdigital coplanar electrode system; “4PP” = four-
point-probe
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Figure 6.2: The dependences of resistivities of thin films prepared from core-
shell particles (full circles) and microgel composites (full stars) prepared with
FeCl3 oxidant. Lines are added as guides for the eye. Open symbols not
connected with lines (circles, resp. star), represent thin film of core-shell,
resp. microgel. Resistivities of materials synthesized with other oxidants
(indicated in the graph) suggest influence of the oxidant.
(CS8) in which the resistivity and PEDOT content values are not far from
the trend exhibited by the FeCl3 oxidized core-shell composites (this trend
is given by full circles connected by line in Fig. 6.2). When HAuCl4 was
used, lower resistivities at lower PEDOT contents (in comparison to all the
other oxidants) were observed in composites of both core-shell and microgel
morphologies. This is caused, among others, by more intensive creation of
“secondary” PEDOT particles – not attached to the latex core, which were
observed in CS6 composite (cf. the AFM micrograph in Fig. 6.3 and SEM
micrograph in Fig. 4.3d) and which enhance the electrical contacts among
neighbouring latex particles in thin film. Additionally, the high doping effi-
ciency of the aurate and the presence of Au nanoparticles (AuNPs) formed by
the aurate reduction simultaneously with the EDOT polymerization (AuNPs
presence was indicated by SEM, STM analysis, not shown here). The pres-
ence of AuNPs also enhances electrical contacts between the particles and,
consequently, film resistivity decreases.
6.1.3 Temperature dependence
We have studied the temperature dependences of DC conductivity in both
core-shell and microgel materials. The Arrhenius plots of conductivities for
two groups of studied materials (core-shell and microgel) are presented in
72 CHAPTER 6. RESULTS AND DISCUSSION
(a) (b)
Figure 6.3: SPM height profiles of the core-shell polymer composite particles.
(a) AFM height scan of core-shell material CS6, 10× 10 µm; (b) STM height
scan of the material CS2, 5×5 µm. Low PEDOT fraction material CS2 lacks
the “secondary” PEDOT particles that appear in material CS6 with high
PEDOT polymer fraction.
Fig. 6.4. All the materials under study are included, except the material
CS1 in which the high resistivity prevented us from the determination of
temperature dependence of conductivity in vacuum. It was found that the
conductivities σ in the core-shell materials show Arrhenius-type behaviour
2.3. Furthermore, the logarithm of σ0 was correlated on the activation energy
EA (cf. Fig. 6.4); thus, the group of materials conform to compensation law
(Meyer & Neldel, 1937) (also called Meyer-Neldel rule) 2.7.
The appearance of this relationship in a group of our core-shell materials
(CS2, CS3 CS4, CS5, CS6, CS8 and CS9), depicted in Fig. 6.4c , indicates
the common transport mechanism in these materials. The electric charge in
the PEDOT is transported by the combination of microscopic processes, like
tunneling or hopping between localized sites on polymer chains (inter-chain
hopping) and hopping among grains of PEDOT. As a result, the macroscopic
DC conductivity is determined by the slowest process. The most favorable
microscopic charge transport mechanism, that limits the conduction in our
materials with strongly varying contents of conductive grains of PEDOT, is
hopping of the charge carriers (holes) between the grains. The frequency
dependences of AC conductivity (discussed in a separate section) support
this hypothesis. The parameters of materials designated CS7 and CS3 do
not fit well to this linear relationship lnσ0 ' EA with the rest of the tested
core-shells (see. Fig. 6.4c). This may be due to different morphology of CS7
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Figure 6.4: Arrhenius plot of temperature dependences of conductivity of
the series of core-shell (a) and microgel materials (b). Relationship between
the pre-exponential factor σ0 and the activation energy of the conductivity
EA of various core-shell materials (c). M-N parameters estimated from the
linear fit (line) in the plot are EMN = −50 meV and σ00 = 13 S/cm.
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material which consists of smaller particles (110 nm), compared to the rest of
the core-shell samples (520 nm) – see Table 4.1, and in the case of material
CS3 due to large experimental error with the estimation of activation energy
EA and pre-exponential factor σ0. In microgels, the M-N rule-conforming
behavior was not recognized, due to the temperature dependence of the ac-
tivation energy, which can be seen as non-linear characteristic in Arrhenius
plot of some microgels (Fig. 6.4). This is possibly a result of microgel in-
sulating polymer template (PVCL/PAAEM) morphology change – the onset
of the glass transition at about 30℃ (Boyko et al., 2003).
6.1.4 Humidity dependence
In order to further elucidate the microscopic charge conduction mechanism,
we measured the dependence of AC conductivity (parameters: RP - equiva-
lent parallel resistance and G - conductance) on environmental humidity (wa-
ter vapours content in nitrogen gas surrounding tested sample). We found
that RP of thin films changed with increasing humidity; both dependencies,
increase and decrease, were found. The results are summarized in Table 6.2
and Fig. 6.5. The time evolution of the RP in response to periodic humidity
change was measured for all composites listed in Table 6.2; typical behaviour
of the low resistivity material (MG6) is depicted in Fig. 6.5, where we also
indicate how the values in Table 6.2 were obtained. The relative sensitivity S
towards the humidity change in Table 6.2 was calculated from the measured
values as follows:
S = 100
RwetP −RdryP
RdryP
, (6.1)
where RdryP and R
wet
P represent the saturated values of AC resistance in dry
and wet N2 flow (humidity about 3.5 % and 50.5 % RH, respectively). In the
case of core-shell materials (CS5, CS6 and CS7) and microgel materials (MG5
and MG6) the RP was increasing with increasing RH, leading to the positive
values of S. In the remaining investigated materials, reverse behaviour was
observed, yielding S < 0. The materials which have higher PEDOT contents
and, consequently, smaller AC resistance RP , exhibit the former type of the
response, while the samples with low PEDOT content and high RP behave
in opposite manner. This separation of the materials into two groups of
opposite humidity response sensitivity according to their PEDOT content
can be seen from the plot in Fig. 6.5.
To explain the varying behavior of humidity response, we concentrated
to more detailed study of two core-shell materials CS6 and CS3 (highly and
low conductive, respectively). RP of the layers prepared from these materials
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Figure 6.5: (a) - The typical behaviour of resistance RP (solid lines) in
response to periodic changes of humidity (dotted lines) form 3.5 to 50.5 %
RH. Data obtained for microgel composite material MG6. The dashed lines
indicate how the values of RwetP , R
dry
P and the drift of R
dry
P used for comparison
of the materials in the Table 6.2 were obtained from the periodic humidity
change tests. (b) – Comparison of the sensitivities to humidity of selected
materials under study (stars for various microgels, circles for core-shells).
The data are combined from Tables 6.2, 4.1 and 4.3.
Table 6.2: Humidity sensing properties of the core-shell and microgel com-
posites.
Material RwetP R
dry
P Sensitivity Drift of R
dry
P
(Ω) (Ω) S (%) (%)
Core-shell materials
CS6 6.28 ×102 5.85 ×102 7.4 -0.07
CS7 1.19 ×103 1.11 ×103 7.3 0.05
CS5 3.28 ×105 3.09 ×105 6.1 0.32
CS3 2.4 ×105 2.5 ×108 -100 0
Microgel materials
MG5 1.19 ×104 1.16 ×104 2.6 0.42
MG6 8.4 ×104 7.14 ×104 18 0.02
MG2 5.0 ×108 7.5 ×108 -33 0.06
MG4 4.3 ×108 7.2 ×108 -40 -0.01
MG1 6.2 ×108 8.3 ×108 -25 0
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as the function of relative humidity are given in Fig. 6.6a and 6.6b. Let us
compare the behaviours. The equivalent parallel resistance, RP , of conduc-
tive layer of CS6 increase with relative humidity for all tested temperatures
(20, 30, 40 and 50 ℃). This characteristic cannot be explained by the model
of pure ionic conductivity, but it can be assumed that intercalation of water
molecules among the core shell particles takes place. Greater inter-particle
distances lead to decrease of the probability of charge carrier transport and,
consequently, in an electric current decrease, i.e., increase of impedance and
resistance. The weak dependence of RP on RH suggests the polarons (elec-
tronic charges) are responsible for the electrical conductivity. Note, that
the higher is the temperature of the ambient atmosphere the higher is the
amount of water at fixed RH. Therefore, the RP increases with temperature,
consistently with its dependence on RH and low activation energy of the
conductivity. Different behaviour was observed for low conductive material
CS3. Here the RP decrease with increasing RH for all temperatures. This
behaviour can be explained by ionic conductivity and increased dissociation
of the ionic species. The transition between these two effects can be found
in material CS7 which has resistivity value in between the those of CS6 and
CS3 discussed above. Both humidity effects on conductivity were found in
this material: For low humidities, the polaron hopping mechanism prevails,
while in the region of large humidities, the ionic current prevails, dictating
the sense of the response. Therefore the dependences of RP on the RH are
not monotonous (see Fig. 6.6c).
We have also tested the humidity response kinetics of two core-shell mate-
rials subjected to various levels of doping. From the synthesis, the materials
were slightly doped. Their doping was increased by immersing the thin film
into 35% solution of HCl, then bathed in distilled water and dried on air. We
also reduced the doping by bathing the films in 25% aqueous NH3 and then
washed by distilled water and dried. The changes in humidity response could
be clearly seen in Fig. 6.7. We expected that the humidity response would
be reversed for both doping treatments. However, this was not the case.
Apparently, the doping treatment didn’t change the material conductivity
a lot. In material CS2, we observed some decrease of its dry-environment
value of resistance RP . An increase of dry-environment RP was observed
after de-doping treatment in both materials (CS3 and CS2).
In conclusion we can say that both electronic and ionic conductivity par-
ticipate in the charge carrier transport. In more conductive layers polarons
are mainly responsible for charge carrier transport. Polaron conductivity is
strongly dependent on the distances among the particles – here water inter-
calation plays an important role. Ionic conductivity is lower due to lower
charge carrier mobility. The electrical characteristics of less conductive films
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Figure 6.6: Comparison of dependences of resistance RP of three core-shell
films [(a) — CS6, (b) — CS3 and (c) — CS7] on the relative humidity
and temperature of the surrounding environment measured at AC frequency
f = 1 kHz. Each graph contains measurement at four different temperatures:
20 ℃ – full curves; 30 ℃ – dashed curves; 40 ℃ – dotted curves and 50 ℃
– dash-and-dotted curves. Materials have substantially different response
towards humidity change: Highly conductive CS6 (a), low conductive CS3
(b) and intermediate CS7 (c).
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Figure 6.7: Resistance (RP , at f = 12 kHz) behaviour (solid lines) with
periodic changes of humidity (blue dotted lines) from 3.5 to 50.5 % RH.
Comparison of core-shell materials with lower resistances CS3 — (a) and
CS2 — (b). Three thin films of each materials were tested after treatment
with baths of HCl and NH3: Film without bath treatment (black lines),
treated in HCl bath (red lines) and with NH3 bath (green lines).
are typical for ionic conductors. The electronic (polaronic) conductivity is
low and ionic transport prevails. Typical decrease of impedance with increas-
ing humidity supports this idea. Charge dissociation plays important role in
this case.
The humidity sensing properties of the prototype sensor based on the film
consisting of core-shell particles prepared with H3PMo12O40 · 29 H2O oxidant
are shown in Fig. 6.8. The dependence of sensor impedance |Zsat| saturated
at relative humidity levels ranging from 2.3 to 50 % in Fig. 6.8a reveal
two regions of the sensor function. For RH lower than 50 % we obtained
nearly linear response with rather small magnitude of impedance change.
When RH is increasing above this level, the impedance begins to decrease
faster. Finally, when changing RH from 80 to 96 % the impedance decreases
by about three orders of magnitude (|Zsat| changes from 27 MΩ to 56 kΩ).
Similar behaviour was observed by the other authors (Geng et al., 2007)
for sensors based on PPy thin film. Thus this prototype may be suitable
for detection of high humidity levels that are used in regulation system of
various processes (eg. start of the water boiling in microwave ovens).
One can compare this behaviour to that of ceramic humidity sensors. In
ceramics, the humidity response is considered to occur in two stages (Kul-
wicki, 1984): At low relative humidity, adsorption and dissociation of water
molecules take place, forming hydroxyl ions at the positively charged sites
(at the oxidized polypyrrole chain, in our case). Further adsorption leads to
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the formation of hydroxonium, protonic transport to adjacent sites and an
increase of conductivity (ionic). At high relative humidity (e.g., RH > 40%),
the water vapour condenses in the capillary-like pores, forming liquid-like
layer. A further rise in electrical conductivity occurs due to electrolytic con-
duction. The intrinsic electronic conductivity in our material is low enough
to allow us to observe contribution of H+ and H3O
+ ions transport to the
conduction, and porosity of the film allows for creation of condensed water
channels; thus we incline to support the above mentioned hypothesis.
The sensor signal evolution in time for abrupt RH change from 2.3 to
10.7 % is shown in Fig. 6.8b. This is the representative example for the
behaviour of the sensor in the region of RH below 50 %. The saturated
value of the impedance |Zsat| was subtracted from the experimental data.
The resulting data, normalized to one (yielding |Znorm| quantity), can be
modeled by stretched exponential function (solid line Fig. 6.8b):
|Znorm|(t) = Z(t)− |Zsat|
Z(t = 0)
= exp(−( t
τRH
)β), (6.2)
where t is the time, τRH is the time constant and β is the parameter describing
the deviation from the purely exponential decay; 0.5 < β < 1. In our case
β was close to 0.5. For the longer times (greater than 30s) the behavior
can be approximated by single exponential decay function (β = 1) with
characteristic time τRH = 90s. The τRH values in this RH region vary from
80 to 150 s.
Anoter type of humidity sensor prototype was constructed with the MG6
microgel material as a sensing layer. It combines the following qualities:
good stability of AC response towards humidity change, sensitivity to both
low and high RH, and resistivity suitable for measurement by a small device
in range of 100 kΩ (cf. Fig. 6.9).
AC frequency dependence
Fig. 6.10 shows that the frequency dependent parts of the sample conduc-
tance measured in broad range of RH values (at the room temperature) can
be superimposed into one curve (this is not valid for high relative humidity,
96 %, where water condensation can take place). From these dependencies
we could estimate that the power-law parameter in Jonscher equation (Eq.
2.8) is close to β = 1. This supports the idea that polaron hopping plays an
important role in charge carrier transport in materials with low resistivity in
a broad range of relative humidity.
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Figure 6.8: (a) Sensitivity of the humidity sensor based on film of core-shell
particles prepared with H3PMo12O40 · 29 H2O oxidant (CS-P-3). (b) Analysis
of sensor response kinetic (normalized impedance |Znorm|) towards abrupt
relative humidity change from 2.3 to 10.7 % (at time t = 0). The early part
of the kinetic in semilogaritmic scale is shown in the inset. The solid line
represents the best fit of stretched exponential function to the experimental
data.
6.1.5 Summary on the electrical conductivity in poly-
meric composites
Core-shell composite particle systems based on PEDOT exhibit the anti-
Meyer-Neldel rule behavior. This leads us to the conclusion that these sys-
tems have common charge transport mechanism in vacuum. Studied microgel
composites on the other hand do not show simple Arrhenius behaviour in the
investigated temperature range, possibly due to the morphology transition of
their insulating polymer component. Investigation of the influence of humid-
ity onto the electrical conduction in the thin films of the composite particles
has shown that there is correlation between the material resistivity and sense
of its response to humidity. The high resistivity materials display decrease of
its value upon transition from dry to humid nitrogen atmosphere. This was
attributed to increase of ionic conductivity due to the charge dissociation
induced by adsorbed water molecules. The low resistivity materials increase
its value, when exposed to humidity. This could be explained by water inter-
calation among the grains of conducting polymer (PEDOT); thus weakening
their mutual electrical contact. The frequency dependences of AC conduc-
tance in various levels of humidity show that there is practically no departure
from the pure electron hopping transport mechanism characteristic, except
in the highest humidities, where strong water vapour condensation on the
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Figure 6.9: Extended testing of microgel MG6 thin film for humidity sensor
application: (a) kinetics of the signal response towards stepwise change of
humidity level (indicated with the blue curve at the top); (b) steady-state
sensitivity towards various humidity levels; (c) kinetics of reaction to peri-
odically repeating change of humidity from 2 to 50 % RH.
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Figure 6.10: Frequency dependences of corrected AC conductance in various
levels of humidity. Comparison of two materials having similar values of
conductances: core-shell CS5 (a) and microgel MG6 (b). In the humidities
around 90 % RH, the humidity was causing some condensation of water on
the sample surfaces, changing their morphology.
sample is expected.
The shell thickness can be varied by changing polypyrrole loading and
by influencing the pyrrole polymerization kinetics in the presence of different
oxidants. The last method provides also the incorporation of different anions
into polypyrrole shell. Monodisperse PS-PEGMA particles have been used
as a template for deposition of polypyrrole. The type of anions influences
the electrical conductivity of the particles, which among others, depends
on the polypyrrole content and morphology of films. The highest electrical
conductivity was observed in films prepared using FeCl3 as oxidant. Current-
voltage dependences of the films prepared from the core-shell particles with
low PPy shell loading were characteristic of contact limited currents. At
higher voltages, a charge carrier injection was observed.
The conductivity changes with humidity allowed us to use the two selected
materials (MG6 and CS-P-3) for the humidity measurement and detection,
respectively. The first of the two seems to be suitable for measurement of
humidity in the region below 50 % RH, the other exhibits large increase of
humidity upon exposure with high humidity levels.
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6.2 Charge transport in conjugated organics
This study was motivated by success in previous research on electronic de-
vices based on soluble phthalocyanine organic semiconductor (photodetector,
gas sensors and transistor (Biler et al., 2005; Nesˇp˚urek et al., 2006; Nesˇp˚urek
et al., 2007)) conducted in our laboratory. The new aim was to evaluate the
possibilities for construction of organic rectifying diode with phthalocyanine
dye as an active component. Several new soluble phthalocyanine molecules
out of the many synthesized variations were selected for the purpose of com-
parison. The detailed study of the parameters revealed that the interfacial
charge carrier traps were one of the most important reasons for the deficiency.
This knowledge helped to improve the device performance.
We found that the materials form highly rectifying contact, especially in
combination with the semiconducting polymer P3HT.
6.2.1 Device structures
The devices discussed in this section were prepared by spin-coating of the
organic materials, the thickness of the respective layers was adjusted by con-
centration of the solution and rotation speed. I used chloroform to dissolve
both of the sulfonamide-substituted phthalocyanines in concentrations about
5–7 mg per 1 ml of the solvent. The mixture of water and isopropanol in
volume ratio 2:1 was used to dissolve the CoPc(S)1-2 for spin-coating in con-
centration about 7 mg per 1 ml. Rotation speed of the spin-coater was about
1000 min−1. The metal electrodes were deposited by thermal evaporation in
vacuum. In order to study the semiconducting properties of the phthalo-
cyanines and compare the performance of the single layer devices with the
two-layer devices, we have prepared devices of the sandwich type structures
(cf. Fig. 5.2). All the devices had the same electrodes — Au on the glass
substrate and the Al at the top of the organic layer(s):
Device 1FePc
(Glass / Au / FePc(SA)1-2 (35 nm) / Al)
Device 1CuPc
(Glass / Au / CuPc(SA)1-2 (30 nm) / Al)
Device 1PT
(Glass / Au / P3HT (120 nm) / Al)
Device 1CoPc
(Glass / Au / CoPc(S)1-2 (40 nm) / Al)
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Device 2CoPc-PT
(Glass / Au / CoPc(S)1-2 (40 nm) / P3HT (120 nm) / Al)
Device 2PT-CoPc
(Glass / Au / P3HT (120 nm) / CoPc(S)1-2 (40 nm) / Al)
6.2.2 Single organic layer devices
In the first section I will discuss the results obtained with devices (diodes)
having single organic layer (soluble phthalocyanine). It reveals the micro-
scopic mechanism of conduction and the influence of the localized states
(traps). The maximum rectification ratio achieved for these structures was
about 50.
DC electrical characterization
A typical dark I(U) characteristics of the 1FePc and 1CuPc devices measured
at room temperature show in both cases rectification behaviour indicating
the Schottky barrier formation at the metal-semiconductor interface (see Fig.
6.11). The I(U) characteristics of both devices under forward bias shows an
exponential dependence of the current on voltage from the lowest voltages up
to 1.0 V and 1.5 V for 1FePc and 1CuPc devices, respectively (cf. green lines
in Figs. 6.11a,c). In that region of voltages, the devices behave according to
the Shockley eq. 2.10. When the bias was further increased, the current did
not increased more according to this equation, because of the formation of the
space-charge at the injecting electrode. The dependence showed rather form
of a power-law, which is characteristic for the space-charge limited currents
(cf. Eq. 2.12). The I(U) dependences of the reverse biased devices show
ohmic behaviour in region from 0 to about -1.3 V, that is a linear dependence
of the current on bias voltage (cf. red lines in Figs. 6.11b,d). On further bias
increase (to more negative values) the dependence acquires the form of an
space-charge limited currents (cf. Eq. 2.12). This means that I(U) charac-
teristics of both devices become superlinear, so that in the device 1FePc the
curves of the reverse and forward bias cross each other at about 3.3 V. That
behaviour can not be modelled by usual models for single-barrier device (eg.
the diffusion model described in Eq. 2.11), we must take in account both
types of charge carriers. The observed effect bears similarity with well known
Zener effect in highly doped p-n junciton inorganic diodes (see eg. chapter
Junction breakdon in ref. (Sze, 1981)). Whereas the Zener effect is caused
by tunneling of the electrons from the valence band of p-doped side into the
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conduction band n-doped side, in our case we assume that we observe on-
set of injection of holes from the positively biased electrode (Au) into the
tail states of the valence band, connected with formation of the space-charge
limiting the further injection.
As on can see from the double logarithmic plots if the respective I(U)
curves (cf. Fig. 6.11b,d), the higher current flows (in both devices) when the
Au is on the lower potential than Al electrode. Our expectation based on
experience with unsubstituted phthalocyanine devices (Valeria´n & Nesˇp˚urek,
1993; Zhivkov et al., 1999; Schauer et al., 2000; Sˇebera et al., 2009), the ph-
thalocyanine was hole-conducting material, which formed Schottky barrier
at the Al electrode contact, showing higher currents in opposite direction,
than that we measured with present substituted phthalocyanines. However
in the literature, one can find studies reporting ambipolar conductivity in ph-
thalocyanines both with and without substituents, eg. in refs. (Locklin et al.,
2003; Yasuda & Tsutsui, 2005; Yasuda & Tsutsui, 2006). The authors report
the evidence, that substituents on the phthalocyanine conjugated molecule
can enhance the electron conductivity in the solid phase.
We think that in case of our devices, the free charge carriers in the
FePc(SA)1-2both holes and electrons, in the sense that their mobility val-
ues are close to each other. However, their concentration is quite low in the
equilibrium condition. That is why the injection plays important role in the
operation of the diode. In forward bias direction, we observe more efficient
injection of the electrons and, conversely, in reverse bias we see current of
injected holes. To decide if this hypothesis is valid, we conducted electro-
chemical and (see Fig. 6.12) and spectroscopic 6.13 measurements (published
in ref. (Pochekaylov et al., 2007)). From the resulting data it was possible
to construct energy diagram (see Fig. 6.14).
It is known from ref. (Liu et al., 2003) that the oxidation potential
φox correlates with the energy of the HOMO level EHOMO. It was possible
to use cyclic voltametry for the determination of the oxidation potential
φox = −5.10 V for FePc(SA)1-2 and φox = −5.46 V for CuPc(SA)1-2 thin films
(results are shown in Fig. 6.12). The resulting value of ionization energies
EHOMO (5.3 eV and 5.7 eV, respectively
1) must be taken with caution,
because the analysis of the voltamogram is questionable, since the observed
oxidation seems to be irreversible. It is because the second half of the curve,
when the potential is scanned from high to low does not show clear current
peak, probably due to the low mobility of the charges introduced by oxidation
into the film surface. The measurement of the reduction potential by this
method was unsuccessful, because of the problems with the film stability.
1using the metodology described in (Liu et al., 2003)
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Figure 6.11: Typical I(U) curves of devices 1FePc — upper row and 1CuPc
— lower row showing low conductance and poor rectification ratios of about
50. The same data plotted in semilog (a) and (c), resp. double log (b) and
(d), scales. Contrary to our expectation, higher current flows when the top
Al electrode is at higher potential (Forward bias).
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Figure 6.12: Oxidation potentials 0.40 V and 0.75 V against the standard
calomel electrode of thin film of FePc(SA)1-2 (green curve) and CuPc(SA)1-2
(red curve) respectively, were estimated from the onset of the oxidation reac-
tions shown on the first part of cyclic voltamograms, when the potential was
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φox were estimated to 5.10 V and 5.46 V. The second half of the curve, when
the potential is scanned from high to low does not show clear current peak,
probably due to the low mobility of the charges introduced by oxidation into
the film surface.
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Figure 6.13: Estimation of the band gap of the FePc(SA)1-2 thin film from the
onset of optical absorbtion spectra (Eg = 1.75 eV) using the same metodology
as in (Pochekaylov et al., 2007).
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Figure 6.14: Energy diagram of the 1FePc device showing the posibility of
the Schottky barrier formation at the Au side for an n-type of conductivity
in the phthalocyanine. The workfunctions of the Au and Al electrodes were
taken from (Anderson, 1959) and (Yoshimura et al., 1999).
We were looking for more definite determination of electron energies EHOMO
and ELUMO of the phthalocyanine thin film by ESCA (UPS) measurements.
Regretfully, the analysis of the binding energies was unhelpful from the
obtained data, because the surface of the thin film was charging during the
experiment, changing the surface potential.
The difference between EHOMO and ELUMO energies of the FePc(SA)1-2
were determined from the plot of (hνα)2 vs. photon energy (hν) dependences,
where α is the absorption coefficient of the thin film (see Fig. 6.13). The
analysis yielded the the band gap energy Eg = ELUMO − EHOMO = 1.75 eV
(the long-wavelength part of the absorption spectrum was linearized, the
value is obtained from the cross point with energy axis). The bandgap of
CuPc(SA)1-2 thin film determined by this method had slightly lower value of
Eg = 1.69 eV.
AC characterization of a barrier at a contact
As it follows from the constructed energy scheme of our device (see Fig. 6.14),
the assumption of n-type conduction mechanism in the FePc(SA)1-2 would
lead to formation of barrier of about 1 eV for electrons near the Au electrode.
To check this consequence, we measured the dependence of the device capac-
itance C on applied DC bias UDC (see Fig. 6.15). The dependence of 1/C
2
on applied voltage V changes with probing frequency of the small AC signal.
This is due to the broad energy distribution of localized states in the semi-
conductor. It will be discussed in more detail later in this section, however
here we will mention that the lower the probing frequency is, the broader
energy range of the states are probed. Therefore we will analyze in detail the
curve measured at the lowest frequency (1 kHz), which has strongest DC bias
dependence, because the highest number of states contribute to the signal.
As can be seen from the Mott-Schottky plot (1/C2 vs. V ), the capacitance
is nearly independent of voltage for small-forward biases (0 – 0.2 V). This
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indicates that at these voltages, the entire thickness of the sample is fully
depleted 2. For higher forward bias, the depletion layer shrinks and does
not longer fill the entire thickness of the sample. In region of DC biases
UDC ranging from 0.5 to 0.7 V, the ideal Schottky barrier model 2.15 could
be applied to obtain at least approximate parameters of the barrier: The
slope of the curve indicated the density of localized states of about Nlocal =
10−17 cm−3 and the intersect of the linearized slope with the voltage axis
reveals a built-in voltage of about Ubi = 0.9 V. At higher forward biases,
the Au electrode starts injecting the charge carriers into the depletion region
W and these surplus free carriers compensate charge distributed in localized
states. Consequently, the capacity decreases (shown as a rise in 1/C2 vs. V
curve). Naturally, a space-charge-limited currents were observed at the I(U)
characteristic in that region (see Fig. 6.11b). This observation is analogical
to that in ref. (Taylor & Gomes, 1995). On the basis of these values we can
estimate the thickness of the depletion region needed to compensate for the
built-in voltage in the absence of external bias. For this we use Poisson’s
equation: ∫ ∫ W
0
qNlocal
semi
dx2 = Ubi, (6.3)
with x space, W the depletion width, semi the permittivity (for which we
chose 20). The result is W = 100 nm, which is larger than our measured
sample thickness (35 nm). Without external bias, the complete depth of the
sample is depleted.
In order to describe the shift of the characteristic response time of the
localized states with the applied DC bias, the frequency f dependences of
the loss tangent tanφ, as defined in Eq. 2.5 (see Fig. 6.16) were analyzed
by the Debye relaxation model 2.6. Although the assumption of single re-
laxation time in this model is probably an oversimplification, it can still give
valuable information on the DC bias dependence of this time. The frequency
dependences (Fig. 6.16a) show that there is a peak around 22 kHz, which
moves with changes of bias. When increasing the bias, the peak moves to
higher frequencies (or shorter relaxation times of the traps, cf. Fig. 6.16b).
Such an behaviour is expected for the interface states, as it is discussed in
section 2.1.5 on page 32.
6.2.3 Double organic layers devices
To finally test the hypothesis of the carrier injection brought forward in
above, and with a focus on the rectifying properties of the phthalocyanine-
2this means that there are no free charge-carriers, and space-charge
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Figure 6.15: Typical Mott-Schottky plot of 1FePc device biased in forward
direction (Al electrode at higher potential) taken at room temperature and
probing frequency 1 kHz showing the concentration of localized states and
built in voltage Ubi = 1.1 V.
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Figure 6.16: Shift of the maximum of the Loss tangent frequency dependence
with the applied DC bias voltage UDC ranging from 0.04 to 0.76 V is evident
from the Loss tangent spectra (a). Characteristic relaxation times τ for each
bias were obtained by fitting the Debye model 2.6 (full curves) to experi-
mental data (open symbols) in order to construct plot (b). The observed
dependence is a consequence of the Fermi level position shift with respect to
the states localized at the interface. For the stronger biases the Fermi level
moves at the interface due to the band bending and shallower, faster traps
are probed — peak moves to higher frequencies.
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Figure 6.17: The typical I(U) curves of organic diodes, plotted for the com-
parison together in semilog (a) and double log (b) scales. All the devices had
the same electrodes — Au on the glass substrate and the Al at the top of
the organic layer(s). The polarity sign is in (a) given with respect to the Au
electrode — it is positive, when Au is at higher potential. The single layer
phthalocyanine device 1CoPc showed again higher currents for the polarity
when Al is at higher potential, as it is in the case for phthalocyanines pre-
sented above (in section 6.2.2). Relatively high rectification capabilities were
observed in the 2CoPc-PT device (rectification ratio of more than 600).
based device, we tried to construct a double layer device, with a structure
resembling the heterojunction from inorganic semiconductors. For this pur-
pose, we have chosen widely studied and commercially available pi-conjugated
polymer poly(3-hexylthiophene-2,5-diyl) (P3HT) (see section 4.4). This poly-
mer is known to have hole conductivity and blocks the transport of electrons.
This selectivity would help to eliminate the effect of the hypothetical electron
transport in phthalocyanine onto the I(U) characteristics of the double-layer
devices.
From the phthalocyanines that we studied, we selected CoPc(S)1-2 for the
preparation of the bi-layered devices with P3HT as one of them. The reason
for this choice is the different solubilities of the two materials, that allowed
second organic layer to be spin-coated on the top of the first coating.
Typical I(U) curves of the Device 1PT shows poor rectifying behaviour
that is typical for the hole blocking barrier formed at the interface with Al
electrode (Taylor & Gomes, 1995). Ohmic currents are observed in both bias
polarities; up to about 0.7 V for the Au-positive and 1.0 V for the opposite
polarity. Higher current is observed, when the Au electrode is biased with
higher potential — that leads to lowering the barrier for injection of holes
(cf. green curves in Fig. 6.17). However, the operation of the device 1PT is
far from ideal rectifying diode. In the side of negative voltages, the strong
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injection occurs, which give rise to space-charge-limited currents above -1 V
and reduces the rectification ratio to about 30-40.
The device 1CoPc (see blue curves in Fig. 6.17) has the same rectifica-
tion direction as that of the other studied phthalocyanine devices 1FePc and
1CuPc; consequently, it is opposite than in the case of 1PT device. Thus, we
can consider the detailed discussion conducted above for the device 1FePc to
be valid also for 1CoPc device.
In the both two-layer devices, the shape of the I(U) characteristics are
similar to the one of 1PT device (cf. the black and red curves in Fig. 6.17).
Both devices show higher currents in Au-positive direction, as it is the case
of 1PT. The ohmic region was extended in both cases: slightly in the case
of 2CoPc-PT device to about 1.0 V and significantly in the case of 2PT-
CoPc device to about 2.0 V. Whereas the magnitude of the current in ohmic
region is practically identical in 1PT and 2CoPc-PT devices, in the case of
2PT-CoPc it is about 30× larger for both polarities.
The explanation of such differences is not straightforward. It seems that
the injection plays most important role for these devices. The layer of
CoPc(S)1-2 in them is relatively thinner the polymer. As it was discussed
in the case of 1FePc device, the complete width of the 35 nm is depleted, and
the depletion width shrank, when the Au electrode was biased negatively with
respect to the Al electrode. If we now take in account the behaviour of the
double layer devices, we can speculate, that the depletion occurs only, when
the CoPc(S)1-2 is in contact with the Au electrode, and that the CoPc(S)1-2
layer is not depleted when in contact with Al electrode.
These assumptions would lead to the relatively large currents in the 2PT-
CoPc device, because the thin film of CoPc(S)1-2 would then increase the
injection of holes into the P3HT layer through its system of tail states oc-
cupied by holes sourced form the Al electrode under positive bias (reverse
direction). In the forward direction, the CoPc(S)1-2 would not block the
holes entering from the P3TH, since we expect the transport states of both
materials to be well overlapped (in energy distribution) and no band-bending
present at the CoPc(S)1-2/Al interface. On the other hand, in the 2CoPc-PT
device the thin CoPc(S)1-2 layer is completely depleted in all tested bias con-
ditions, because the Schottky barrier that is responsible for the rectification
behaviour is located at P3HT / Al interface. In this case we can think of the
CoPc(S)1-2 layer as an additional series resistance that is bias voltage inde-
pendent. That is why there is a shift in forward bias onset of the injection
current, due to the additional voltage drop (about 0.2 V) at the CoPc(S)1-2
layer. And there are two more differences between the I(U) characteristics of
single-layer and double layer 2CoPc-PT devices in reverse direction: Firstly,
the CoPc(S)1-2 layer completely blocks the injection that would occur in 1PT
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device. The characteristic of 2CoPc-PT continues to be linear beyond the
voltages, where injection starts in 1PT device (cf. the black and green curves
in Fig. 6.17b). Secondly, the P3HT layer blocks the transport of electrons
injected from the Au electrode. That is why we cannot observe as high cur-
rents in that direction as in the single layer 1CoPc device. This allowed us
to observe relatively high rectification capabilities in the 2CoPc-PT device
(rectification ratio of more than 600). Moreover, the measurement results
in double-layer devices help to resolve the question concerning the mobil-
ity of electrons in our substituted phthalocyanine diodes. It now seems to
be evident, that the assumption of electron conductivity in phthalocyanine
thin film is unavoidable in the microscopic explanation of the semiconducting
behaviour.
6.2.4 Summary on the charge transport in conjugated
organics
The rectifying behaviour of the phthalocyanie devices is controlled by the
interfaces with metal electrodes, which form the Schottky barrier. We found
an evidences that it is formed due to the contact with Au electrode. The
built-in voltage is about 0.9 V and concentration of free charges in the mate-
rial is very low, of the order 10−17 cm−3. It seems that the main source of the
charge-carriers is the injection process, and that the both charge carriers are
mobile in the semiconductor. Relatively high rectification capabilities were
observed in the double layer device (rectification ratio of more than 600),
whereas the largest ratio available in the single layer device was about 50.
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6.3 Photochromic polymers
The photogeneration of anisotropy in organic photochromic materials is a
promising approach for reversible optical data storage, photoalignment of
liquid crystals (LC) or for fabrication of optical components. It was ob-
served in glassy state of amorphous (Meng et al., 1996) and liquid crystalline
polymers (Andruzzi et al., 1999; Jung et al., 2002; Ruslim & Ichimura, 1999),
in LB multilayers (Geue et al., 1997), in low molecular glasses and in liquid
crystals (Ichimura et al., 1988; Ichimura et al., 1989). A system formed by
combining polymer with liquid crystal inherits characteristics, which are typ-
ical for the components. Liquid crystalline polymers show increased viscosity
with respect to the low molecular liquid crystals, which allows them to form
a glassy state - a property typical for polymers. It was demonstrated that
polymer chain structure strongly influences film-forming properties, photo-
chemical and optical properties, spatial organization of chromophores and
temperature stability of induced anisotropy. A self-organization ability of liq-
uid crystalline polymer and the photoorientation ability influence each other
mutually (Fischer et al., 1997a). It was shown that under irradiation with
linearly polarized light the azobenzene moieties change their spatial orienta-
tion (Bobrovsky et al., 2004; Natansohn & Rochon, 2002; Schab-Balcerzak
et al., 2005; Yaroshchuk et al., 2003). In this way anisotropy – dichroism
and birefringence – is generated. This process was used for optical switching
(Tang et al., 2004), digital and holographic data storage (Han & Ko, 2003)
and optical modulators (Djurado et al., 2002).
In this section we present a new class of azobenzene-containing LC poly-
mers with promising properties. The material is based on a prepolymer from
which linear copolymers or polymer networks can be prepared by reactions
of its terminal hydroxy groups with isocyanate groups of diisocyanates or
triisocyanates. In this way, some properties of the polymer, such as stability
of orientation at higher temperatures, could be fine-tuned for needs of partic-
ular application. Detailed investigations of phase transitions and induction
of optical anisotropy are presented.
6.3.1 Sample preparation
Films of the polymers were spin-coated (see section 5.1) (usually at speed of
rotation of about 1000 min−1) from chloroform solution (25 mg per 1 ml of the
solvent) on quartz glass substrates. The prepared films were dried at room
temperature for at least 24 h to remove solvent residuals. Photoreactions in
solutions were studied at the concentration 0.03 mg of the polymers per 1 ml
of tetrahydrofuran.
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Figure 6.18: The liquid-crystalline phases of the LC2 polymer change with
temperature. The phase variations were distinguished by X-ray difraction
experiments: (a) — WAXS and (b) — SAXS
6.3.2 Phase transitions
For investigation of the phase transitions, the DSC experiment was employed
(see section 5.3 for details). The measured calorimetric curves revealed phase
transitions that are summarized in Table 6.3.
Table 6.3: Summary of the phase transitions in the photochromic polymer
LC2 as revealed by DSC measurements. It also inludes liquid-crystalline
phases identifcation supported by WAXS and SAXS measurements (cf. Fig.
6.18).
transition temperature enthalpy change Phase change identification
T (℃) ∆H (Jg−1)
10 — glass transition
62 2.43 Smectic B → Smectic A
98 10.8 Smectic A → izotropic
The glass transition temperature Tg was ca. 10℃ (DSC); however, the
specific heat change was very weak. In addition the polymer showed two
first-order phase transitions during heating, at 62℃ with enthalpy change
∆H = 2.43 Jg−1 and at 98℃ and ∆H = 10.8 Jg−1. Similar transitions
were observed during cooling. In order to identify the LC phases present in
the polymer, temperature-dependent SAXS and WAXS measurements were
carried out. The results are presented in Fig. 6.18. As can be seen, the
polymer exists as isotropic melt above 98℃; below this temperature it exists
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in a smectic A phase and below 62℃ as smectic B phase (Mariani et al.,
1988). Below the glass transition temperature the smectic B phase is slightly
disturbed. The optical textures observed with polarized light microscope
confirmed the existence of both phases.
6.3.3 Induction of optical anisotropy
In order to understand photochemical and photo-induced processes, spectral
changes were investigated in solutions and films under irradiation with lin-
early polarized and non-polarized light of different wavelengths. Depending
on the irradiation wavelength, different progressions of photo-isomerization
(cf. Fig. 4.8) were induced allowing or preventing photo-orientation under
linearly polarized light exposure.
Irradiation by light of 365 nm
Absorption spectra of the polymer solution and film before and after 10 min
exposure to polarized or non-polarized light at 365 nm at room temperature
are shown in Fig. 6.19. The spectrum of the polymer in solution shows
two main maxima: the maximum at λ = 356 nm corresponding to pi—pi∗
transitions and the band at 245 nm corresponding to pi—pi∗ transitions of the
benzene rings. These transitions support the idea that the initial solution
contained exclusively the E-isomer. Under the UV exposure (365 nm) nearly
all azobenzene moieties convert to the Z-isomer, which shows characteristic
maxima at 310 and 450 nm. Upon storage in the dark the thermodynamically
unstable Z-isomer switches back to the stable E-isomer with rate constant of
about τ = 10 h at room temperature.
The spectrum of the thin polymer film shows a shift of the pi—pi∗ tran-
sition to λ = 326 nm with respect to the corresponding peak position in the
solution (a hipsochromic, or alternatively a blue shift). This is an effect of for-
mation of H-aggregates 3 of the azobenzene moieties (Eisfeld & Briggs, 2006).
UV irradiation for 10 min results in the change of the spectrum: it shows then
maxima at 313 and 450 nm, indicating the formation of the Z-isomer. How-
ever, the remaining absorbance at 375 nm demonstrates that the efficiency
of the Z-isomer formation in films is lower than that in solutions. The film
shows quite complex relaxation kinetics of Z-E thermal isomerization. Ini-
tially, after UV exposure, a band with maximum at 358 nm (characteristic of
non-aggregated E-isomers) was observed (for a spectrum measured 4 h after
3The H-aggregate is also a one-dimensional array of molecules in which the transition
moments of individual monomers are aligned parallel to each other but perpendicular to
the line joining their centers (face-to-face arrangement)
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Figure 6.19: Absorption spectra of photoisomers of the polymer LC2: In
the solution (a), the azobenzene chromophore shows clearly distinguished
photochromism — the stable trans isomer (solid curve) was converted to
metastable cis isomer by irradiation with light of 365 nm (dashed curve).
In thin solid film, (b), the photochromism is also pronounced: The non-
irradiated film containing the trans isomer (black dotted curve) was trans-
formed to cis isomer film (solid black curve) by the UV irradiation. After
that, the film was stored in dark and the temporal evolution of the spectrum
was recorded (coloured curves); the times in the plot indicate the delay since
the UV irradiation. Onset of aggregation is responsible for the change of the
position of maximum after about 4 h relaxation (dashed curve).
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Figure 6.20: (a) the thermal ZE isomerization kinetics of polymer film for
450 nm absorption at various temperatures (given in the key). Absorbance
values are normalized; the value 1.0 corresponds to the 100 % the initial
absorbance of Z-isomer. (b) Arrhenius plot of τ2 shows an activation energy
Epa = 91 kJ/mol.
UV irradiation (cf. Fig. 6.19b, dotted line). During the continuing Z-E
isomerization, in time designated tb, this peak shifts to λ = 326 nm, which is
characteristic of the formation of H-aggregates of azobenzene moieties. The
kinetics of thermal Z-E isomerization was measured at λ = 450 nm. The
thermal Z-E isomerization showed a first-order exponential reaction with
characteristic rate constant τ2 = 9.7 h at room temperature. Detailed and
isomerization kinetics for 450 nm absorption obtained with the sample at
various temperatures (45, 50, 55 and 59℃) are shown in Fig. 6.20a.
Each kinetics consists of two processes; a slow process at the beginning
up to the time of a break, tb, is followed by a single exponential process.
The time of the break, a linear function of temperature, changed from 2200
to 500 s in the temperature interval 40 – 60℃. The characteristic time of
the second process, τ2, depended on temperature; the activation energy was
Epa = 91 kJ/mol, frequency factor F = 1.4 × 1013s−1 (cf. Fig. 6.20b). The
time of break, tb, in which the rate of the reverse reaction increases, had also
shown similar temperature dependence. With a knowledge of the temporal
evolution of the whole absorption spectrum (Fig. 6.19b), we can attribute the
tb to a time, when the H-aggregates start to influence the ongoing process. We
deduced from the kinetic curves measured at various temperatures (shown in
Fig. 6.20b), that the break occurs at some temperature-independent concen-
tration of the trans-form, because the breaks are all at the same absorption
magnitude. The shape of kinetic curves is in agreement with the DSC ob-
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servation that the film is not in a glassy state but a viscoelastic state of LC
phase in room temperature and above it.
The ratio of the peak intensity of the pi—pi∗ transitions of the benzene ring
(λ = 240 nm) and the intensity of the pi—pi∗ transitions of the azobenzene
chromophores (at about λ = 326 nm) provides information on the orientation
of the chromophores. It is because the pi—pi∗ transition of the benzene ring
is not sensitive to the orientational order in contrast to the pi—pi∗ transition
of the azobenzene chromophores, which is directed along the long molecular
axis of the chromophore (Natansohn & Rochon, 2002). The ratio was ca. 1:2
in solution (cf. Fig. 6.19a) and 1:1 in the spin-coated film (see Fig. 6.19b).
This indicated that azobenzene chromophores were homeotropically aligned
in the original film; however, as will be shown in section 6.3.3, this was not
the case. In contrast, the ratio of peak intensities in the solution and film
containing Z form is almost the same. This indicates that the irradiation
of the polymer film at λ = 365 nm transfers the film to the isotropic state.
Moreover, no stable anisotropy is induced upon the irradiation of the film
with linearly polarized light (365 nm). Both cases, induction of anisotropy
and isotropization, are reported in literature as a result of exposure to linearly
polarized UV light (365 nm). For homopolymers the outcome depends on the
azobenzene moiety content and the ratio of Z/E isomers in the steady state
of photoisomerization with respect to the substitution and number of non-
reactive azobenzene sites. Tilted polarized UV-vis spectroscopy also showed
that the polymer films were mostly isotropic.
Irradiation by ligh of 325 and 488 nm
Irradiation with linearly polarized light of 325 nm or alternatively of 488 nm
caused the induction of anisotropy in the film by photoorientation of azoben-
zene side groups (see Fig. 6.22).
The saturation value of the dichroic ratio (RD = Amax/Amin) at λtest =
330 nm of about RD ≈ 6 was induced by 325 nm light. The exposure to
the 488 nm light generated a less efficient photoorientation process resulting
in the value of the dichroic ratio of about RD ≈ 2 . The efficiency of the
induction of anisotropy in the polymer film was higher for the 325 nm light
compared with that of 488 nm. This means that the irradiation by light
of wavelength that is close to an isosbestic point is more efficient for the
photoorientation process.
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Figure 6.21: Linearly polarized optical absorbtion spectra of as-deposited
spin-coated LC2 polymer thin film recorded at varying incident light angle
α. Here, parallel and perpendicular orientation of the probe beam polar-
ization refers to angle between the electrical field vector and axis of sample
rotation (0° or 90°). Spectra recorded in perpendicular (a), resp. parallel (b)
orientation. The absorbance value at 325 nm plotted against the tilt angle α
for the two orientations is given in graph (d).
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Figure 6.22: Spectra before and after irradiation with polarized light of (a)
325 nm and (c) 488 nm: black solid lines - spectra before irradiation; blue
dash lines – spectra after irradiation parallel to the electric field vector of the
excitation light Eex; red doted lines – spectra after irradiation perpendicular
to Eex. The right hand side plots (b and d) show kinetics of the changes
of the absorbance at 330 nm parallel (blue open squares) and perpendicular
(red open circles) to Eex plotted for the irradiation by the light of respective
wavelengths (325 nm and 488 nm).
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Figure 6.23: (a) — Changes in the spectra after irradiation with polarized
light of 325 nm: black line — spectrum before irradiation; green line —
spectrum after pre-irradiation at 365 nm for 10 min; blue line – spectrum after
irradiation parallel to Eex; red line – spectrum after irradiation perpendicular
toEex. The plot (b) shows kinetics of the changes of the absorbance at 330 nm
parallel (blue open squares) and perpendicular (red open circles) to Eex.
Irradiation with linearly polarized light of 325 nm after a pre-
irradiation step
It was shown by different studies (Fischer et al., 1997b; Fischer et al., 1997a)
that a pretreatment with the 365 nm light strongly increased the effective-
ness of photoorientation process caused by linearly polarized exposure to the
488 nm light. The results presented in Fig. 6.23 demonstrate that such be-
havior takes place also on subsequent exposure to the 325 nm light. The two-
step procedure results in the saturation value of the dichroic ratio RD ≈ 11
which is twice greater than that without pre-irradiation. This can be ex-
plained by the fact that in the steady state the Z-isomer form is free of
azobenzene aggregates and any local orientational order. It should also be
noted that in this case the process is several times faster (cf. Figs. 6.22b and
6.23b).
6.3.4 Null-ellipsometry measurements of 3D orienta-
tion
In order to understand spatial reorientation processes in polymer films, null-
ellipsometry measurements 5.5 were performed on original films and films
after irradiation. The results of measurements and modeling are shown in
Fig. 6.24.
The obtained null-ellipsometry results for original film show that it is
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Figure 6.24: Experimental (points) and model (lines) dependences of the
change in the angle φ of light polarization after passing the quarter-wave
plate on tilt angle α of the film (cf. scheme of the setup in Fig. 5.5). Data
for original film (open, resp. full circles are modelled with curves that overlap
overlap); (open and full squares) film after irradiation with light of 365 nm;
(red triangles open and full) film after irradiation with light of 325 nm; (blue
triangles, open and full) film after pre-irradiation at 365 nm and subsequent
irradiation with light of 325 nm.
completely in the isotropic state. Experimentally it was found that during
the film preparation aggregation took place and the out-of-plane orientation
was not observed spectroscopically. Thus, a decrease in absorbance of the
pi—pi∗ transition between isolated chromophores in solution and aggregated
chromophores in thin film was found; this effect is not well understood and
needs further investigation. The measurements of the film irradiated with
the 365 nm light confirm that the film is mostly in isotropic state also after
the irradiation. The modeling of the experimental data gives the following
results: (nx − ny)d = 0 nm, (nx − nz)d = 6 nm. Taking into account the fact
that the thickness of the film was 120 nm, we can surely say that the film
is mainly in the isotropic state. The very small in-plane preference may be
caused by the Z-E isomerizaton created by testing red beam of He-Ne laser
(632.8 nm) resulting in unwanted weak absorbtion of the testing light in the
polymer.
The modeling of the experimental data of null-ellipsometry for the film
irradiated with the 325 nm light gives the following results: (nx − ny)d =
−14.8 nm, (nx − nz)d = −30 nm. These data suggest that nx < ny <
nz (where nx is the direction of the polarization of exciting light). It is
clearly seen that, in addition to in-plane anisotropy, there is preference in
homeotropic reorientation. These data are in agreement with the spectro-
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scopic measurements where the absorbance perpendicular to the polarization
of the exciting light practically does not change under irradiation, indicating
reorientation of chromophores in homeotropic direction.
Modeling of the experimental data of null-ellipsometry for films pre-
irradiated by the 365 nm light with subsequent irradiation by the 325 nm light
gives the following results: (nx − ny)d = −22.4 nm, (nx − nz)d = −26.0 nm.
These data suggest that nx << ny < nz (where nx is the direction of the
polarization of the exciting light). There is still a small preference in the
homeotropic direction but, in general, the structure can be considered as
oblate with the axis parallel to the polarization of the exciting light. Fig.
6.25 shows the wavelength resolved refractive index of the freshly coated
LC2 polymer thin film. Putting this together with above presented null-
ellipsometry measurements, we can calculate the values of anisotropic refrac-
tive indices nx, ny and nz, using the isotropic refracting index (niso = 2.1 at
wavelength λ = 633 nm) measured for the non-irradiated thin film. These
data are summarized in Tab. 6.4. We can say that the azobenzene moieties
reorient perpendicularly to the polarization of the exciting light with mostly
isotropic distribution in the plane normal to polarization.
Table 6.4: Table of anisotropic refracting indices of the LC2 thin film after
various irradiation steps.
irradiation refractive indicesb
wavelengths, λ (nm) nx ny nz
365 nma 2.12 2.12 2.07
325 nm 1.98 2.1 2.23
365 nma and then 325 nm 1.97 2.15 2.19
a non-polarized
b directions of axes are as follows:
x = direction of electric vector of polarized light Eex
z = film plane normal vector
Multiple reorientation steps
In order to show the possibility of reversible reorientation at room temper-
ature, six irradiation steps using linearly polarized light of 325 nm after in-
termediate pre-irradiation steps with the 365 nm light were performed. Irra-
diation with the 365 nm light brings the film always into the isotropic state
and erases any previously induced anisotropy. Each step of irradiation with
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Figure 6.25: LC2 polymer thin film shows quite high refractive index, about
2.1 in broad range of wavelengths, thanks to the liquid-cryslalline domains
of the dipolar azobenzene chromophore. The spectrum was obtained for the
freshly prepared film, not treated by irradiation.
the 325 nm light was performed with the change in the polarization direc-
tion in 30° steps relative to the previous irradiation. The resulting changes
of polar distribution of absorbance at 330 nm after each irradiation step are
present in Fig. 6.26. It should be noted that after each step of irradiation
with the 365 nm light the angular-dependent spectra were exactly the same.
This indicates a complete erasure of the previously written orientation was
achieved. A very nice result was that the angular dependent spectra were
exactly the same after each step of the irradiation with the only change in
orientation of 30°. All these results indicate that the optical information in
the polymer can be rewritten in the system without any memory effects of
previous irradiation.
6.3.5 Summary on the photoinduced anisotropy in LC2
photochromic polymer
The model polymer based on HO-terminated telechelic polybutadiene grafted
with 5-(4-[4-(octyloxy)phenyl]azophenoxy)pentane-1-thiol units shows a se-
quence of LC phases. The glass transition temperature was found to be 10℃.
Below the transition to isotropic phase at 98℃ the polymer exists in SmA and
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Figure 6.26: Changes in angular absorbance distribution measured at λ =
330 nm of the polymer film after six steps of irradiation. Each step consists
of non-polarized irradiation with light of 365 nm and subsequent polarized
irradiation with 325 nm light. (a) original film; (b) after each irradiation step
with light of 365 nm; (c, d, e, f, g, h) after irradiation with light of 325 nm
in steps 1, 2, 3, 4, 5, 6, respectively, Eiex corresponds to i-th irradiation step
and indicates polarization direction of the exciting light.
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SmB LC phases. The photochemical E-Z and Z-E isomerizations of polymer
solutions and films are quite similar, with nearly the same room temperature
lifetimes of Z-isomer 10 h. In films at high concentrations of the E-isomer, a
strong aggregation of azobenzene chromophores was observed. Depending on
the exposure wavelength, the irradiation with linearly polarized light leads to
different properties of films: exposure to the 365 nm light results in isotropic
films with high amounts of Z isomers. No anisotropy was induced with this
light. In contrast, the irradiation with the light of 325 and 488 nm resulted
in the induction of optical anisotropy and orientation of azobenzene moieties
perpendicular to the electric field vector of the exciting light. A dichroic
ratio of 6 in the first case and of 2 in the other was generated. A much
greater anisotropy of RD ≈ 11 was induced by polarized light of 325 nm after
pre-irradiation with non-polarized UV light of 365 nm. Such a high value is
usually achieved in LC polymer films due to overcoming the aggregation and
local order. Studies of 3D optical structures by null-ellipsometry and tilted
polarized UV-vis spectroscopy showed that the original films are isotropic.
Comparison of these and spectroscopic data suggests that aggregation of
chromophores results not only in a shift of absorption maximum but, also
in a decrease in absorbance. 3D studies showed that irradiation with light
of 365 nm brings the polymer film into isotropic state. Irradiation with light
of 325 nm induces biaxial structure in the film with preferred orientation of
azobenzene chromophores in homeotropic direction. Irradiation with light of
365 nm and subsequent irradiation with light of 325 nm induces oblate order
in the film with in-plane optical axis. In this case only a small preference in
homeotropic direction was observed. Several steps of the irradiation by light
of 365 nm (erasing) and 325 nm (writing) showed that optical anisotropy in
the film can be completely erased and rewritten again without any losses;
the orientation direction is always perpendicular to the electric field vector.
108 CHAPTER 6. RESULTS AND DISCUSSION
Chapter 7
Summary and outlook
The importance of the results of this work depends on the application possi-
bilities found in the studied materials. From this point of view these can be
summarized as follows:
Investigation of the influence of humidity onto the electrical conduction
in the thin films of the composite particles has shown that there is correlation
between the material resistivity and sense of its response to humidity. This
allowed us to use the two selected materials for the humidity measurement
and detection. One of them seems to be suitable for measurement of humidity
in the region below 50 % RH, the other exhibits large increase of conductivity
upon exposure with high humidity levels that allows to detect the increase
of humidity.
Generally, the use of the composite particles coated with conducting poly-
mer shell as building blocks for the preparation of gas-sensitive layers of-
fers several advantages compared to the compact conducting polymer layers.
Firstly, the sensing material (PPy or PEDOT) is distributed in the form of
nanolayers and is easily accessible to analyte molecules due to the interpar-
ticle voids formed after the composite particles come into contact. Secondly,
such layers offer an enormous surface area, which results in higher sensor
sensitivity.
In the other part of this work we have shown that the novel photochromic
polymer has non-linear optical properties. As expected, it originated form
the azobenzene chromophore, that was grafted to polymer main chain of
the polybutadiene type. Anisotropy caused by spatial orientation on the
directors of liquid-crystalline domains can be induced by polarized laser light.
The tests revealed that the anisotropy in the film can be completely erased
and rewritten again without any losses, and that the orientation direction
is always perpendicular to the electric field vector. The anisotropic changes
of refractive index of the material upon irradiation are at present under
109
110 CHAPTER 7. SUMMARY AND OUTLOOK
investigation for the utilization in the waveguide on silicon chip.
The rectifying behaviour of the phthalocyanine devices is controlled by
the interfaces with metal electrodes, which form the Schottky barrier. We
found an evidences that it is formed due to the contact with Au electrode.
It seems that the main source of the charge-carriers is the injection process,
and that the both charge carriers are mobile in the semiconductor. Relatively
high rectification capabilities were observed in the double layer device.
For the full summaries of the results presented in this work, the reader is
kindly asked to find the respective sections in the previous chapter (namely
sections 6.1.5, 6.2.4 and 6.3.5).
In his work after successful defence of this thesis, the author intends con-
tinue in a research focused on the electrical detection of the photochromic
state of small clusters of suitable molecules. This system would allow con-
struction of a memory cell based on action of single molecule, with optical
writing/erasing and electrical readout. The idea was developed in series of
publications by a number of authors (Nesˇp˚urek et al., 2002; Nesˇp˚urek et al.,
2003; Sworakowski & Nesˇp˚urek, 2004; Sworakowski et al., 2004; Wang, 2004;
Nesˇp˚urek et al., 2005; Yoshino et al., 1997; Yoshino et al., 1996). In general,
the switch is based on influence of electric field of molecular dipole onto the
local transport sites. The photochromic molecules, which are dispersed in
charge transport matrix, exhibit photo-induced stable excited state with own
dipole moment different from the ground state. Depending on their state,
they can allow or prevent the charge transport by conjugated polymer matrix
by the means of charge-dipole interaction.
Preliminary experimental results show the switching effect in the thin film
device (large ensemble of the molecules istead of the single molecule). The
resulting data indicate creation of charge-carrier traps that are induced by the
photochromic change of the spiropyrane (S) guest molecules dispersed in σ-
conjugated polymer host poly[methyl(phenyl)silylene]. The dipole moments
of stable forms of spiro-molecules amount typically to (2 ∼ 6) D depending on
substituents attached to their backbones, whereas the moments of respective
metastable forms may exceed 15 D (Nesˇp˚urek et al., 2002). Thus, during the
photochromic reaction S −→ M, the strongly dipolar species (M) are formed.
They generate dipolar traps in polymer matrix reducing the charge carrier
mobility. The electrostatic influence of dipolar species spreads over several
repeating units of the poly[methyl(phenyl)silylene] along the polymer chains
in the vicinity of the dipolar molecule (M).
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